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MEMORY DEVICE COMPRISING A
TRANSISTOR INCLUDING AN OXIDE
SEMICONDUCTOR AND SEMICONDUCTOR
DEVICE INCLUDING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The disclosed invention relates to a memory device and a
semiconductor device including the memory device.

Memory devices herein refer to general devices including
memory elements, and are not limited to a main memory
device and an auxiliary memory device. For example, an
arithmetic device that includes a device including a memory
element, such as a register, is regarded as a memory device.

Note that semiconductor devices herein refer to general
elements and devices which function by utilizing semicon-
ductor characteristics.

2. Description of the Related Art

A semiconductor device in which arithmetic processing is
performed in a plurality of processors for high arithmetic
capacity, what is called, a multiprocessor-system semicon-
ductor device has become widespread. Multiprocessor-sys-
tem-based semiconductor devices are classified into a loosely
coupled system, a tightly coupled system, and the like in
accordance with coupling systems of individual processors.

In a loosely coupled system, each processor has a special-
purpose memory and can almost independently perform
arithmetic processing. However, common data for a plurality
of processors needs to be stored in each special-purpose
memory of individual processors. Therefore, each processor
needs a large-scale special-purpose memory.

In a tightly coupled system, a shared memory to which a
plurality of processors has an access is provided, and indi-
vidual processors can perform arithmetic processing with the
use of common data stored in the shared memory. An example
ofa tightly coupled system is a multi-core processor in which
a plurality of processor cores is provided for one processor
package.

As a shared memory of such a tightly coupled system
multiprocessor, a dual-port memory which has two input/
output ports, or the like can be given (e.g., Patent Document

1).
REFERENCE

[Patent Document 1] Japanese Published Patent Application
No. 2011-258270

SUMMARY OF THE INVENTION

As the above shared memory, a dynamic random access
memory (DRAM), a static random access memory (SRAM),
orthe like which is used as a main memory or a cache memory
is often used.

A DRAM andan SRAM are each a volatile memory device
which needs regular or constant supply of power for retaining
memory.

For example, in the case of a DRAM, data is stored in such
a manner that a transistor included in a memory element is
selected and electric charge is stored in a capacitor. A tran-
sistor included in a memory element has leakage current
(off-state current) between a source and a drain in an off state
or the like and electric charge flows into or out of the transistor
even if the transistor is not selected, which makes a data
holding period short. For that reason, another writing opera-
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tion (refresh operation) is necessary at predetermined inter-
vals, and it is difficult to sufficiently reduce power consump-
tion.

In the case of an SRAM, stored data is held with a circuit
such as a flip-flop. The flip-flop circuit includes two cross-
connected CMOS inverter circuits which include four tran-
sistors. Generating leakage current (off-state current)
between a source and a drain of a transistor in the CMOS
inverter results in current flow from a high potential power
source line to a low potential power source line and makes it
difficult to achieve sufficiently low power consumption.

In addition, in the case of an SRAM, a standard structure
includes six transistors, and the number of elements is very
large. Further, in the case of using an SRAM as a dual-port
memory, two transistors for access in data write/read are
added; accordingly, the number of elements is eight. Such an
increase in the number of elements causes a large area of a
memory cell, which poses a problem in that increased capac-
ity of the memory device is difficult to be achieved.

In view of the above problems, in one embodiment of the
disclosed invention, one object is to provide a memory device
which consumes low power. Another object is to provide a
memory device whose capacity is high.

Another object is to provide a semiconductor device
including the above memory device.

In one embodiment of the disclosed invention, a data write
transistor of a memory device is manufactured with a material
capable of achieving a sufficiently low off-state current of a
transistor (e.g., an oxide semiconductor material that is a wide
band gap semiconductor). Using a wide band gap semicon-
ductor material capable of achieving a sufficiently low oft-
state current of a transistor makes it possible to hold a poten-
tial for a long time without regular or constant supply of
power, and therefore, low power consumption can be
achieved.

In one embodiment of the disclosed invention, a memory
device has a memory cell including at least one data write
transistor, at least one data storage transistor, and at least two
data read transistors. With this structure, the number of ele-
ments can be small in comparison with at least the case of a
memory cell of a dual-port SRAM, which results in achieving
a small area of a memory cell and easily achieving a high
capacity of the memory device.

Specifically, structures described below can be employed,
for example.

According to another embodiment of the disclosed inven-
tion, a memory device includes a first write selection line, a
second write selection line, a first read selection line, a second
read selection line, a first write data line, a second write data
line, a first read data line, a second read data line, a first power
supply line, and a plurality of memory cells. One of the
plurality of memory cells includes a first transistor including
a first gate electrode, a first source electrode, a first drain
electrode, and a first channel formation region; a second
transistor including a second gate electrode, a second source
electrode, a second drain electrode, and a second channel
formation region; a third transistor including a third gate
electrode, a third source electrode, a third drain electrode, and
athird channel formation region; a fourth transistor including
a fourth gate electrode, a fourth source electrode, a fourth
drain electrode, and a fourth channel formation region; and a
fifth transistor including a fifth gate electrode, a fifth source
electrode, a fifth drain electrode, and a fifth channel formation
region. The first channel formation region and the fifth chan-
nel formation region include a semiconductor material differ-
ent from semiconductor materials in the second channel for-
mation region, the third channel formation region, and the
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fourth channel formation region. A node holding an electric
charge electrically connects the second gate electrode, the
first drain electrode, and the fifth drain electrode. The second
drain electrode, the third source electrode, and the fourth
source electrode are electrically connected. The first write
selection line is electrically connected to the first gate elec-
trode. The second write selection line is electrically con-
nected to the fifth gate electrode. The first read selection line
is electrically connected to the third gate electrode. The sec-
ond read selection line is electrically connected to the fourth
gate electrode. The first write data line is electrically con-
nected to the first source electrode. The second write data line
is electrically connected to the fifth source electrode. The first
read data line is electrically connected to the third drain
electrode. The second read data line is electrically connected
to the fourth drain electrode. The first power supply line is
electrically connected to the second source electrode.

According to another embodiment of the disclosed inven-
tion, a semiconductor device includes the memory device, a
first processor, and a second processor. The first processor
writes data to the memory device by using the first write
selection line and the first write data line. The first processor
reads data of the memory device by using the first read selec-
tion line and the first read data line. The second processor
writes data to the memory device by using the second write
selection line and the second write data line. The second
processor reads data of the memory device by using the
second read selection line and the second read data line.

According to another embodiment of the disclosed inven-
tion, a memory device includes a write selection line, a first
read selection line, a second read selection line, a write data
line, a first read data line, a second read data line, a first power
supply line, and a plurality of memory cells. One of the
plurality of memory cells includes a first transistor including
a first gate electrode, a first source electrode, a first drain
electrode, and a first channel formation region, a second
transistor including a second gate electrode, a second source
electrode, a second drain electrode, and a second channel
formation region, a third transistor including a third gate
electrode, a third source electrode, a third drain electrode, and
a third channel formation region, and a fourth transistor
including a fourth gate electrode, a fourth source electrode, a
fourth drain electrode, and a fourth channel formation region.
The first channel formation region includes a semiconductor
material different from semiconductor materials in the sec-
ond channel formation region, the third channel formation
region, and the fourth channel formation region. A node hold-
ing an electric charge electrically connects the second gate
electrode and the first drain electrode. The second drain elec-
trode, the third source electrode, and the fourth source elec-
trode are electrically connected. The write selection line is
electrically connected to the first gate electrode. The first read
selection line is electrically connected to the third gate elec-
trode. The second read selection line is electrically connected
to the fourth gate electrode. The write data line is electrically
connected to the first source electrode. The first read data line
is electrically connected to the third drain electrode. The
second read data line is electrically connected to the fourth
drain electrode. The first power supply line is electrically
connected to the second source electrode.

According to another embodiment of the disclosed inven-
tion, a semiconductor device includes the memory device, a
first processor, a second processor, and a selector. The first
processor writes data to the memory device by using the write
selection line and the write data line through the selector at
timing different from that of the second processor. The first
processor reads data of the memory device by using the first
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read selection line and the first read data line. The second
processor writes data to the memory device by using the write
selection line and the write data line through the selector at
timing different from that of the first processor. The second
processor reads data of the memory device by using the
second read selection line and the second read data line.

The above devices is preferably include a capacitor having
one electrode electrically connected to a node where electric
charge is held and the other electrode electrically connected
to a second power supply line.

The first channel formation region of the first transistor
preferably includes an oxide semiconductor. The second
channel formation region of the second transistor preferably
includes single crystal silicon. The third channel formation
region of the third transistor and the fourth channel formation
region of the fourth transistor preferably include single crys-
tal silicon. The fifth channel formation region of the fifth
transistor preferably includes an oxide semiconductor.

In this specification and the like, the term “high potential
H” means a potential higher than or equal to the potential level
at which an n-channel transistor in a memory device is turned
onand a p-channel transistor in amemory device is turned off.
The term “low potential L.” means a potential higher than or
equal to the potential level at which an n-channel transistor in
a memory device is turned off and a p-channel transistor in a
memory device is turned on.

Note that in this specification and the like, the term such as
“over” or “below” does not necessarily mean that a compo-
nent is placed “directly on” or “directly under” another com-
ponent. For example, the expression “a gate electrode over a
gate insulating layer” can mean the case where there is an
additional component between the gate insulating layer and
the gate electrode.

In addition, in this specification and the like, the term such
as “electrode” or “wiring” does not limit a function of a
component. For example, an “electrode” is sometimes used as
part of a “wiring”, and vice versa. Furthermore, the term
“electrode” or “wiring” can include the case where a plurality
of “electrodes” or “wirings” is formed in an integrated man-
ner.

Functions of a “source” and a “drain” are sometimes
replaced with each other when a transistor of opposite polar-
ity is used or when the direction of current flowing is changed
in circuit operation, for example. Therefore, the terms
“source” and “drain” can be replaced with each other in this
specification and the like.

Note that in this specification and the like, the term “elec-
trically connected” includes the case where components are
connected through an object having any electric function.
There is no particular limitation on an object having any
electric function as long as electric signals can be transmitted
and received between components that are connected through
the object.

Examples of an “object having any electric function” are a
switching element such as a transistor, a resistor, an inductor,
a capacitor, and an element with a variety of functions as well
as an electrode and a wiring.

According to one embodiment of the disclosed invention, a
memory device which consumes low power can be provided.
According to one embodiment of the disclosed invention, a
memory device whose capacity is high can be provided.

A semiconductor device including the memory device can
be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1is a circuit diagram of a memory device according to
one embodiment of the disclosed invention.
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FIG. 2 is a block diagram of a semiconductor device
according to one embodiment of the disclosed invention.

FIGS. 3A and 3B are each a circuit diagram of a memory
device according to one embodiment of the disclosed inven-
tion.

FIG. 4 is a timing diagram of a memory device according to
one embodiment of the disclosed invention.

FIG. 5 is a block diagram of a memory device according to
one embodiment of the disclosed invention.

FIG. 6 is a timing diagram of a memory device according to
one embodiment of the disclosed invention.

FIG. 7 is a block diagram of a memory device according to
one embodiment of the disclosed invention.

FIG. 8 is a circuit diagram of a memory device according to
one embodiment of the disclosed invention.

FIG. 9 is a timing diagram of a memory device according to
one embodiment of the disclosed invention.

FIGS. 10A to 10D are cross-sectional views illustrating a
manufacturing process of a memory device according to one
embodiment of the disclosed invention.

FIGS. 11A and 11B are cross-sectional views illustrating a
manufacturing process of the memory device according to
one embodiment of the disclosed invention.

FIGS. 12A to 12C are cross-sectional views illustrating a
manufacturing process of the memory device according to
one embodiment of the disclosed invention.

FIGS. 13A and 13B are cross-sectional views illustrating a
manufacturing process of the memory device according to
one embodiment of the disclosed invention.

FIGS. 14A and 14B are each a plan view illustrating a
memory device according to one embodiment of the dis-
closed invention.

FIGS.15A and 15B are block diagrams ofa semiconductor
device according to one embodiment of the disclosed inven-
tion.

FIGS. 16A to 16C are block diagrams of a semiconductor
device according to one embodiment of the disclosed inven-
tion.

FIGS. 17A and 17B illustrate electronic devices.

FIG. 18 is a graph showing the characteristics of a transis-
tor including an oxide semiconductor.

FIG. 19 is a diagram of a circuit for evaluating character-
istics of a transistor including an oxide semiconductor.

FIG. 20 is a timing diagram for evaluating characteristics
of a transistor including an oxide semiconductor.

FIG. 21 is a graph showing characteristics of a transistor
including an oxide semiconductor.

FIG. 22 is a graph showing characteristics of a transistor
including an oxide semiconductor.

FIG. 23 is a graph showing the characteristics of the tran-
sistor including an oxide semiconductor.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention will be
described with reference to the drawings. Note that the
present invention is not limited to the following description
and it will be readily appreciated by those skilled in the art
that modes and details can be modified in various ways with-
out departing from the spirit and the scope of the present
invention. Therefore, the invention should not be construed as
being limited to the description in the following embodiment.

Note that the position, the size, the range, or the like of each
structure illustrated in drawings and the like is not accurately
represented in some cases for easy understanding. Therefore,
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the disclosed invention is not necessarily limited to the posi-
tion, size, range, or the like as disclosed in the drawings and
the like.

In this specification and the like, ordinal numbers such as
“first”, “second”, and “third” are used in order to avoid con-
fusion among components, and the terms do not mean limi-
tation of the number of components.

Embodiment 1

In this embodiment, a circuit configuration and operation
of a memory device according to one embodiment of the
disclosed invention will be described with reference to FIG.
1, F1G. 2, FIGS. 3A and 3B, FIG. 4, FIG. 5, and FIG. 6. Note
that in each of circuit diagrams, in some cases, “OS” is written
beside a transistor in order to indicate that the transistor
includes an oxide semiconductor.

First, a basic structure of the memory device according to
one embodiment of the disclosed invention (hereinafter
referred to as a memory cell) and operation thereof will be
described with reference to FIG. 1, FIG. 2, FIGS. 3A and 3B,
and FIG. 4. A memory cell 100 illustrated in FIG. 1 includes
a transistor 101, a transistor 102, a transistor 103, a transistor
104, a transistor 105, and a capacitor 106. These elements
included in the memory cell 100 are electrically connected to
a first write selection line WSL1, a second write selection line
WSL2, a first read selection line RSL1, a second read selec-
tion line RSL2, a first write data line WDL1, a second write
data line WDL2, a first read data line RDL1, a second read
data line RDL.2, a first power supply line 107, and a second
power supply line 108.

A specific connection relation in the memory cell 100 is as
follows. A gate electrode of the transistor 103, a drain elec-
trode (or a source electrode) of the transistor 101, and a drain
electrode (or a source electrode) of the transistor 102 are
electrically connected to one another. Hereinafter, the node,
in which the gate electrode of the transistor 103, the drain
electrode (or the source electrode) of the transistor 101, and
the drain electrode (or the source electrode) of the transistor
102 are electrically connected to one another, is also referred
to as a node FG. A drain electrode (or a source electrode) of
the transistor 103, a source electrode (or a drain electrode) of
the transistor 104, and a source electrode (or a drain elec-
trode) of the transistor 105 are electrically connected to one
another. The first write selection line WSL1 and the second
write selection line WSL2 are electrically connected to a gate
electrode of the transistor 101 and a gate electrode of the
transistor 102, respectively. The first read selection line RSLL.1
and the second read selection line RSL.2 are electrically con-
nected to a gate electrode of the transistor 104 and a gate
electrode of the transistor 105, respectively. The first write
data line WDL1 and the second write data line WDL2 are
electrically connected to a source electrode (or a drain elec-
trode) of the transistor 101 and a source electrode (or a drain
electrode) of the transistor 102, respectively. The first read
data line RDL1 and the second read data line RDL2 are
electrically connected to a drain electrode (or a source elec-
trode) of the transistor 104 and a drain electrode (or a source
electrode) of the transistor 105, respectively. The first power
supply line 107 is electrically connected to a source electrode
(or a drain electrode) of the transistor 103. One electrode of
the capacitor 106 is electrically connected to the node FG, and
the other electrode of the capacitor 106 is electrically con-
nected to the second power supply line 108.

Note that a predetermined potential is applied to the first
power supply line 107 and the second power supply line 108.
Here, the predetermined potential is, for example, GND (low
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potential L) or the like. The potentials of the first power
supply line 107 and the second power supply line 108 may be
the same or different. In addition, the other electrode of the
capacitor 106 may be electrically connected to the first power
supply line 107. Providing the capacitor 106 as described
above enables the node FG to hold much electric charge, and
accordingly, data retention characteristics can be high.

Note that the capacitor 106 is not necessarily provided. For
example, a high parasitic capacitance of the transistor 103 can
be an alternative to the capacitor 106.

The transistors 101 and 102 are each preferably a transistor
having an extremely low off-state current. The transistor hav-
ing an extremely low off-state current preferably includes, in
a channel formation region, a wide bandgap semiconductor
which has a wider bandgap and lower intrinsic carrier density
than single crystal silicon. For example, the band gap of the
wide band gap semiconductor may be more than 1.1 eV,
preferably 2.5 eV or more and 4 eV or less, still preferably 3
eV or more and 3.8 eV or less. For example, as such a wide
band gap semiconductor, a compound semiconductor such as
silicon carbide (SiC) or gallium nitride (GaN), an oxide semi-
conductor formed of metal oxide such as an In—Ga—Z7n—
O-based oxide semiconductor, or the like can be used. Alter-
natively, since a transistor including amorphous silicon,
microcrystalline silicon, or the like has a lower off-state cur-
rent than a transistor including single crystal silicon, the
transistors 101 and 102 may employ amorphous silicon,
microcrystalline silicon, or the like.

The band gap of single crystal silicon is approximately 1.1
eV, and even in a state where there is no carrier caused by a
donor or an acceptor (i.e., even in the case of an intrinsic
semiconductor), the concentration of thermally excited car-
riers is approximately 1x10'' ¢m™. The band gap of an
In—Ga—Zn—0O-based oxide semiconductor which is the
wide band gap semiconductor is approximately 3.2 eV and
the concentration of thermally excited carriers is approxi-
mately 1x10~7 cm™>. The off-state resistance (referred to as a
resistance between a source and a drain of a transistor in an off
state) of a transistor is inversely proportional to the concen-
tration of thermally excited carriers in the channel formation
region. Accordingly, the resistivity of an In—Ga—Zn—0-
based oxide semiconductor at the time when the transistor is
off is 18 orders of magnitude higher than that of silicon.

When wide band gap semiconductor is used for the tran-
sistors 101 and 102, for example, the off-state current (per
unit channel width (1 um), here) at room temperature (25° C.)
is less than or equal to 100 zA (1 zA (zeptoampere) is 1x1072*
A), preferably less than or equal to 10 zA.

For example, when the off-state currents of the transistors
101 and 102 at room temperature (25° C.) (here, a value per
channel width (1 pm) unit) are each 10 zA (1 zA (zeptoam-
pere) is 1x1072! A) or lower, data can be held for 10* seconds
or longer. Needless to say, the retention time depends on
transistor characteristics and the capacitance of the capacitor
with an electrode of the transistor.

In this embodiment, a transistor having an extremely low
off-state current which is used as the transistors 101 and 102
is a transistor including an oxide semiconductor. By turning
off such transistors 101 and 102, the potential of the gate
electrode of the transistor 103 can be held for an extremely
long time without regular or constant supply of power.

Here, the transistors 101 and 102 each function as a data
write transistor. When the potential of the first write selection
line WSL1 or the second write selection line WSL.2 is a high
potential H and the transistor 101 or 102 is turned on, the
potential of the first write data line WDL1 or the second write
data line WDL.2 is applied to the gate electrode of the tran-
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sistor 103 (the node FG) (data write). Here, any one of two
different potentials (hereinafter, a high potential H and a low
potential L) is applied to the node FG by data write. Note that
to improve storage capacity, three or more different potentials
can be used.

After that, the potentials of the first write selection line
WSL1 and the second write selection line WSL2 are set to
potentials at which the transistors 101 and 102 are turned off
(alow potential L), and the transistors 101 and 102 are turned
off, whereby electric charge supplied to the gate electrode of
the transistor 103 (the node FG) can be held (data holding).
Here, since off-state currents of the transistors 101 and 102
are extremely low, the electric charge of the gate electrode of
the transistor 103 (the node FG) can be held for a long time.

In this manner, when a data write transistor is a transistor
including a wide band gap semiconductor, the data write
transistor can have an extremely low off-state current. With
this structure, refresh frequency as high as that of a DRAM is
not needed and a flip-flop circuit in which a leakage current is
generated is not needed unlike an SRAM; therefore, suffi-
ciently low power consumption can be achieved.

A transistor including amorphous silicon, microcrystalline
silicon, or the like has a lower off-state current than a transis-
tor including single crystal silicon. Therefore, by using amor-
phous silicon, microcrystalline silicon, or the like for the data
write transistor, a memory device that has a lower number of
refresh operations than a DRAM or the like including single
crystal silicon can be obtained.

A semiconductor material used for the transistors 103 to
105 is not particularly limited. However, the semiconductor
material preferably has a band gap different from that of the
semiconductor material used for the transistors 101 and 102.
As such a semiconductor material, silicon, germanium, sili-
con germanium, gallium arsenide, or the like can be used, and
a single crystal semiconductor is preferably used. In terms of
increasing the speed of reading data, it is preferable to use, for
example, a transistor with high switching rate such as a tran-
sistor formed using single crystal silicon.

The transistor 103 functions as a data storage transistor.
The state of the transistor 103 depends on a potential applied
to the gate electrode of the transistor 103. That is, in writing
the data, application of a high potential H results in an “on
state” of the transistor 103 and application of a low potential
L results in an “off state” of the transistor 103.

The drain electrode of the transistor 101, the drain elec-
trode of the transistor 102, and the gate electrode of the
transistor 103 (i.e., the node FG) have the same effect as a
floating gate of a floating-gate transistor that is used as a
nonvolatile memory element. However, since data can be
directly rewritten by switching of the transistor 101 and 102,
extraction of electric charge from a floating gate with the use
of a high voltage is not necessary and thus, a reduction in
operation speed, which is attributed to erasing operation, can
be prevented. In this manner, high-speed operation of a
memory device described in this embodiment can be
achieved. For the same reason, deterioration of a gate insu-
lating film (tunnel insulating film), which is a problem of a
conventional floating gate transistor, does not exist. This
means that there is no limit on the number of times of writing
in principle, unlike a conventional floating gate transistor.
Accordingly, the memory device described in this embodi-
ment can be satisfactorily used as a memory device that
requires high rewriting frequency and high-speed operation,
such as a main memory or a cache memory.

In addition, the transistors 104 and 105 each function as a
data read transistor. When the potential of the first read selec-
tion line RSL1 or the second read selection line RSL.2 is set to
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a high potential H and the transistor 104 or 105 is turned on,
the potential corresponding to an on state or an off state of the
transistor 103 is applied to the first read data line RDL1 or the
second read data line RDL2 (data read).

The memory cell described in this embodiment includes
two data write transistors, one data storage transistor, and two
data read transistors. Therefore, a memory cell that is com-
patible with a multiprocessor system and has a smaller num-
ber of elements than a dual-port SRAM requiring eight tran-
sistors can be obtained. In addition, the area of the memory
cell can be small and the capacity of the memory device can
be high.

Although the transistors 101 to 105 are n-channel transis-
tors in this embodiment, p-channel transistors may be used as
appropriate.

Here, a memory device disclosed in this specification can
be accessed from a plurality of processors (also referred to as
a processing device) and functions as what is called a shared
memory. FIG. 2 is a block diagram of what is called a multi-
processor-system semiconductor device including such a plu-
rality of processors and the memory device. The semiconduc-
tor device in FIG. 2 includes a first processor 11, a second
processor 12, a controller 13, and a memory device 14 includ-
ing the memory cell 100 in FIG. 1.

The first processor 11 and the second processor 12 each
have an arithmetic device and/or a controlling device. The
first processor 11 and the second processor 12 read data and a
program which are used for arithmetic operations and control
of'a device from the memory device 14, and write arithmetic
results or the like to the memory device 14.

The controller 13 has a function of transmitting a signal to
the memory device 14 in response to an instruction of the first
processor 11 and the second processor 12 to read or write
data. Examples of such a signal are a clock signal for syn-
chronizing the memory device 14 and each of the first pro-
cessor 11 and the second processor 12, a write enable signal
for providing an instruction to perform data writing operation
to the memory device 14, aread enable signal for providing an
instruction to perform data reading operation to the memory
device 14, and a write data signal corresponding to data
written to the memory device 14. The controller 13 has a
function of restoring data to the first processor 11 and the
second processor 12 in accordance with a read data signal
read from the memory device 14.

In a block diagram of FIG. 2, the controller 13 is provided
outside the memory device 14; however, this embodiment is
not limited thereto. For example, the controller 13 may be
provided inside the memory device 14.

A signal is transmitted from the controller 13 to the
memory cell 100 in the memory device 14. Here, a signal
relating to a data writing instruction of the first processor 11
is supplied to the memory cell 100 through the first write
selection line WSL1 and the first write data line WDL1. A
signal relating to a data reading instruction of the first pro-
cessor 11 is supplied to the first read selection line RSL.1, and
a read data signal of the memory cell 100 which is read in
response to the above signal is transmitted to the controller 13
through the first read data line RDL1. In similar manner, a
signal relating to a data writing instruction of the second
processor 12 is supplied to the memory cell 100 through the
second write selection line WSL2 and the second write data
line WDL2. A signal relating to a data reading instruction of
the second processor 12 is supplied to the second read selec-
tion line RSI.2, and a read data signal of the memory cell 100
which is read in response to the above signal is transmitted to
the controller 13 through the second read data line RDL2.
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Inthis case, when data is written by an instruction from the
first processor 11, the transistor 101 is on. When data is read
by an instruction from the first processor 11, the transistor 104
is on. When data is written by an instruction from the second
processor 12, the transistor 102 is on. When data is read by an
instruction from the second processor 12, the transistor 105 is
on. Therefore, the transistor 101, the transistor 104, the tran-
sistor 102, and the transistor 105 can also be referred to as a
data write transistor for the first processor 11, a data read
transistor for the first processor 11, a data write transistor for
the second processor 12, and a data read transistor for the
second processor 12, respectively.

Note that in the semiconductor device in FIG. 2, two pro-
cessors are provided and the memory cell in FIG. 1 is also
compatible with two processors; however, the memory device
and the semiconductor device described in this embodiment
are not limited thereto. The number of processors can be three
or more. In this case, the number of write selection lines, read
selection lines, write data lines, read data lines, data write
transistors, and data read transistors which are provided for a
memory cell may be increased in accordance with the number
of processors. For example, in the case of adding a third
processor to the structure in FIG. 2, a third write selection
line, a third read selection line, a third write data line, a third
read data line, a third data write transistor, and a third data
read transistor may be added to the structure of the memory
cell in FIG. 1.

As a memory device shared by a plurality of processors in
the multiprocessor-system semiconductor device in FIG. 2,
for example, a cache memory shared by processor cores in a
multi-core processor can be given. In a semiconductor device
including a display device, a video random access memory
(VRAM) which writes and outputs a video data stimulously,
or the like also can be used.

The first read data line RDL1 and the second read data line
RDL2 in the memory cell 100 in FIG. 1 are electrically
connected to a reading circuit. FIGS. 3A and 3B show an
example of the reading circuit.

A reading circuit 110 in FIG. 3A includes a transistor 111,
a transistor 112, a latch circuit 113, and a latch circuit 114.
Note that in this embodiment, the transistors 111 and 112 are
p-channel transistors; however, one embodiment of the dis-
closed invention is not limited thereto, and the transistors 111
and 112 may be n-channel transistors. In addition, in this
embodiment, an example where the latch circuits 113 and 114
are each composed of two inverters is described, one embodi-
ment of the disclosed invention is not limited thereto.

Inthereading circuit 110 in FIG. 3A, a gate electrode of the
transistor 111 is electrically connected to a precharge signal
line PC, a source electrode of the transistor 111 is electrically
connected to a power supply line at a high potential H, and a
drain electrode of the transistor 111 is electrically connected
to the first read data line RDL1. A terminal of the latch circuit
113 is electrically connected to the first read data line RDL1.
A gate electrode of the transistor 112 is electrically connected
to the precharge signal line PC, a source electrode of the
transistor 112 is electrically connected to the power supply
line at a high potential H, and a drain electrode of the transis-
tor 112 is electrically connected to the second read data line
RDL2. A terminal of the latch circuit 114 is electrically con-
nected to the second read data line RDL2.

The latch circuits 113 and 114 can hold a high potential H
or a low potential L which is applied to the first read data line
RDL1 and the second read data line RDL.2, and can supply a
high potential H or a low potential L. from the power supply
line provided in the latch circuits 113 and 114 to the first read
data line RDL1 and the second read data line RDL2.
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In the reading circuit 110, by application of a low potential
L to the precharge signal line PC, the transistors 111 and 112
are turned on; accordingly, a high potential H is applied to the
first read data line RDL1 and the second read data line RDL2.
Hereinafter, the operation is also referred to as precharge. At
the same time, the latch circuits 113 and 114 hold a high
potential H.

After the precharge, when the transistors 111 and 112 are
turned off by application of a high potential H to the precharge
signal line PC, the first power supply line 107 is electrically
connected to the first read data line RDL1 and the second read
data line RDL2 through the transistor 103. In this case, when
the transistor 103 is on, a low potential L. is applied to the first
read data line RDL1 and the second read data line RDL2. At
the same time, a low potential L is held in the latch circuits
113 and 114. In addition, when the transistor 103 is off, a high
potential H held in the latch circuits 113 and 114 is applied to
the first read data line RDL1 and the second read data line
RDL.2 and a precharged high potential H is kept.

In such a manner, a change in potentials of the first read
data line RDL1 and the second read data line RDL2 after
precharge enables data written to the memory cell 100 to be
read.

A reading circuit 115 illustrated in FIG. 3B includes the
transistor 111, the transistor 112, a sense amplifier circuit
117, and a sense amplifier circuit 118. That is, the reading
circuit 115 has the sense amplifier circuits 117 and 118,
whereas the reading circuit 110 has the latch circuits 113 and
114.

A first terminal of the sense amplifier circuit 117 is elec-
trically connected to the first read data line RDL1, a reference
potential Vref is applied to a second terminal of the sense
amplifier circuit 117, and a data signal is output from a third
terminal of the sense amplifier circuit 117. A first terminal of
the sense amplifier circuit 118 is electrically connected to the
second read data line RDL2, the reference potential Vref is
applied to a second terminal of the sense amplifier circuit 118,
and a data signal is output from a third terminal of the sense
amplifier circuit 118. Here, the reference potential Vref is a
potential between a low potential L. and a high potential H and
preferably at about the midpoint between a low potential L
and a high potential H.

In the reading circuit 115, as in the reading circuit 110, the
first read data line RDL1 and the second read data line RDL2
can perform precharge. After the precharge, when the tran-
sistors 111 and 112 are turned off by application of a high
potential H to the precharge signal line PC, the first power
supply line 107 is electrically connected to the first read data
line RDL1 and the second read data line RDIL.2 through the
transistor 103.

In this case, when the transistor 103 is on, a low potential L.
is applied to the first read data line RDL1 and the second read
data line RDL.2, so that the potentials of the first read data line
RDL1 and the second read data line RDL2 each become
lower than the reference potential Vref of the sense amplifier
circuits 117 and 118. As a result, a data signal which is
amplified is output from the sense amplifier circuits 117 and
118. In addition, when the transistor 103 is off, a high poten-
tial H precharged by the first read data line RDL1 and the
second read data line RDL2 is kept and is still higher than the
reference potential Vref of the sense amplifier circuits 117
and 118, so that the amplified data signal is output from the
sense amplifier circuits 117 and 118.

Note that in this embodiment, the reading circuit 110 in
FIG. 3A is used.

The operation of the memory device in FIG. 1 is described
with reference to a timing diagram in FIG. 4. The timing
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diagram in FIG. 4 shows the potentials of the first write
selection line WSL1, the second write selection line WSL2,
the first read selection line RSL1, the second read selection
line RSL.2, the first write data line WDL1, the second write
data line WDL2, the first read data line RDL1, the second read
data line RDL.2, and the precharge signal line PC, from time
T1 to time T14. In addition, CLK, WEN1, WEN2, REN1, and
REN?2 represent signals transmitted from the controller 13 to
a driver circuit connected to the above wirings and represent
a clock signal CLK, a first write enable signal WENI, a
second write enable signal WEN2, a first read enable signal
RENT1, and a second read enable signal REN2, respectively.

The first write enable signal WEN1 and the second write
enable signal WEN2 show a writing period, and data writing
operation is performed when the signals are each a high
potential H. The first write enable signal WEN1 and the
second write enable signal WEN2 are connected to the first
processor 11 and the second processor 12, respectively. In
addition, the first read enable signal REN1 and the second
read enable signal REN2 show a reading period, and data
reading operation is performed when the signals are each a
high potential H. The first read enable signal REN1 and the
second read enable signal REN2 are connected to the first
processor 11 and the second processor 12.

The timing diagram in FIG. 4 shows a first data writing/
reading operation from the time T1 to the time T7, a second
data writing/reading operation from the time T7 to the time
T11, and the third data writing/reading operation from the
time T12 to the time T14. Here, the first to third data writing/
reading operations are continuously performed in synchroni-
zation with the clock signal CLK input from the controller 13.

Note that in this embodiment, the state where a low poten-
tial L is held at the node FG in the memory cell 100 is a state
where data “0” is held. In addition, the state where a high
potential H is held at the node FG in the memory cell 100 is a
state where data “1” is held.

First, the first data writing/reading operation from the time
T1 to the time T7 is described. The first data writing/reading
operation is performed as follows: data “1” is written from the
first processor 11 (the time T1 to the time T3), the data “1” is
read to the first processor 11 (the time T3 to the time T5), and
the data “1” is read to the second processor 12 (the time T5 to
the time T7).

In writing of the data “1” from the first processor 11, a high
potential H is supplied from the controller 13 as the first write
enable signal WENT1, and a high potential H is supplied to the
first write selection line WSL1 and the first write data line
WDLA1 from the time T1 to the time T2. Accordingly, the
transistor 101 is turned on, and a high potential H of the first
write data line WDL1 is applied to the gate electrode of the
transistor 103 (the node FG).

From the time T2 to the time T3, the first write enable
signal WENT1 keeps a high potential H, the potential of the
first write selection line WSL.1 is set to be a low potential L,
and the first write data line WDL1 keeps being at a high
potential H. Accordingly, since the transistor 101 is turned off
while the potential of the first write data line WDL1 is a high
potential H, the potential applied to the gate electrode of the
transistor 103 (the node FG) is held. As a result, the transistor
103 keeps being on and the data “1” is written.

In a period from the time T1 to the time T3 during which
data is written from the first processor 11, data is not written
from the second processor 12. Accordingly, the second write
enable signal WEN2 is a low potential I, and the second write
selection line WSL2 is also at a low potential L. As a result,
the transistor 102 is off. At this time, the second write data line
WDL.2 is at a high potential H.
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In the period from T1 to T3 during which data is written
from the first processor 11, data is not read to the first proces-
sor 11 and the second processor 12. Accordingly, the first read
enable signal REN1 and the second read enable signal REN2
are a low potential L, and the first read selection line RSL.1
and the second read selection line RSL2 also become a low
potential L. As a result, the transistors 104 and 105 become
off. At this time, the precharge signal line PC is at a high
potential H; accordingly, the transistors 111 and 112 are off
and the firstread data line RDL1 and the second read data line
RDL2 are in a floating state.

In reading ofthe data ““1” to the first processor 11, from the
time T3 to the time T4, a high potential H is supplied from the
controller 13 as the first read enable signal REN1, and a low
potential L is applied to the precharge signal line PC and a
high potential H is applied to the first read selection line
RSL1. By application of a low potential L to the precharge
signal line PC, a high potential H is applied to the first read
data line RDL1 through the transistor 111. At this time, the
latch circuit 113 holds a high potential H. In addition, a high
potential H is applied to the first read selection line RSIL.1, so
that the transistor 104 is turned on. Further, by writing of the
data “1” from the time T1 to the time T3, the transistor 103 is
also turned on.

From the time T4 to the time T5, the first read enable signal
RENT is a high potential H, the precharge signal line PC is at
a high potential H, and the first read selection line RSL1 is at
ahigh potential H. Accordingly, electrical continuity is estab-
lished between the first read data line RDL1 and the first
power supply line 107, and therefore the potential of the first
read data line RDL1 is a low potential L. In this manner, a
potential is applied to the first read data line RDL1 in accor-
dance with the potential written to the node FG ofthe memory
cell 100. As a result, the data of the memory cell 100 can be
read.

A potential applied to the first read data line RDL1 is
transmitted to the controller 13 as a read data signal, and the
data “1” is given to the first processor 11. In this manner, the
data “1” written from the first processor 11 is read to the first
processor 11.

Inaperiod from the time T3 to the time T5 during which the
data is read to the first processor 11, the data is not read to the
second processor 12; therefore, the second read enable signal
REN?2 is a low potential L and the second read selection line
RSL2 is at a low potential L. Accordingly, the transistor 105
is off. At this time, the precharge signal line PC is at a low
potential L. from the time T3 to the time T4, and therefore, the
transistor 112 is turned on and the second read data line RDL2
is at a high potential H.

In the period from T3 to T5 during which the data is read to
the first processor 11, data is not written from the first pro-
cessor 11 and the second processor 12. Accordingly, the first
write enable signal WENT1 and the second write enable signal
WEN?2 are a low potential L, and the first write selection line
WSL1 and the second write selection line WSL2 are also ata
low potential L. As a result, the transistors 101 and 102 are off.
At this time, the first write data line WDL1 and the second
write data line WDL.2 are at a high potential H.

In reading of the data “1”” to the second processor 12, from
the time T5 to the time T6, a high potential H is supplied from
the controller 13 as the second read enable signal REN2, and
alow potential L is applied to the precharge signal line PC and
a high potential H is applied to the second read selection line
RSL2. By application of a low potential L to the precharge
signal line PC, a high potential H is applied to the second read
data line RDL2 through the transistor 112. At this time, the
latch circuit 114 holds a high potential H. In addition, a high
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potential H is applied to the second read selection line RSI.2,
so that the transistor 105 is turned on. Further, by writing of
the data“‘1” from the time T1 to the time T3, the transistor 103
is also on.

From the time T6 to the time T7, the second read enable
signal REN2 is a high potential H, the precharge signal line
PC is at a high potential H, and the second read selection line
RSL2 is at a high potential H. Accordingly, electrical conti-
nuity is established between the second read data line RDL.2
and the first power supply line 107, and therefore the potential
of'the second read data line RDL.2 is a low potential L. In this
manner, a potential is applied to the second read data line
RDL2 in accordance with the potential written to the node FG
of the memory cell 100. As a result, the data of the memory
cell 100 can be read.

A potential applied to the second read data line RDL2 is
transmitted to the controller 13 as a read data signal, and the
data “1” is given to the second processor 12. In this manner,
the data “1” written from the first processor 11 is read to the
second processor 12.

Ina period from the time T5 to the time T7 during which the
data is read to the second processor 12, the data is not read to
the first processor 11; therefore, the first read enable signal
RENT1 is a low potential I and the first read selection line
RSL1 is at a low potential L. Accordingly, the transistor 104
is turned off. At this time, the precharge signal line PC is ata
low potential L from the time T5 to the time T6, and therefore,
the transistor 111 is on and the first read data line RDL1 is at
a high potential H.

Ina period from the time T5 to the time T7 during which the
data is read to the second processor 12, the data is not written
from the first processor 11 and the second processor 12, as in
the period from the time T3 to the time T5.

As illustrated in FIG. 1, a plurality of data write transistors
of'a memory cell and a plurality of data read transistors of a
memory cell are provided in accordance with the number of
connected processors. Thus, data writing operation and data
reading operation can be successively performed.

Next, the second data writing/reading operation from the
time T7 to the time T11 is described. The second data writing/
reading operation is performed as follows: data “0” is written
from the second processor 12 (the time T7 to the time T9), and
the data “0” is read to the first processor 11 and the second
processor 12 (the time T7 to the time T11). That is, the second
data writing/reading operation is different from the first data
writing/reading operation in that the data “0” is first written
from the second processor 12 and the data “0” is read to the
first processor 11 and the second processor 12 at the same
time.

In writing of the data “0” from the second processor 12, a
high potential H is supplied from the controller 13 as the
second write enable signal WEN2, and a high potential H is
supplied to the second write selection line WSL.2 and the
second write data line WDL2 from the time T7 to the time T8.
Accordingly, the transistor 102 is turned on, and a low poten-
tial L. ofthe second write data line WDL.2 is applied to the gate
electrode of the transistor 103 (the node FG).

From the time T8 to the time T9, the second write enable
signal WEN2 is a high potential H, the potential of the second
write selection line WSL.2 is at a low potential L, and the
second write data line WDL.2 is at a low potential L. Accord-
ingly, since the transistor 102 is turned off while the potential
of the second write data line WDL2 is a low potential L, the
potential applied to the gate electrode of the transistor 103
(the node FG) is held. As a result, the transistor 103 is off and
the data “0” is written.
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Note that a potential corresponding to data is held at the
node FG in advance. That is, even when data is written, the
data can be easily rewritten by applying a potential corre-
sponding to new data in this manner.

Inaperiod from the time T7 to the time T9 during which the
data is written from the second processor 12, the data is not
written from the first processor 11; therefore, the first write
enable signal WEN1 is a low potential L and the first write
selection line WSL1 is at a low potential L. Accordingly, the
transistor 101 is off. At this time, the first write data line
WDIL1 is at a high potential H.

In a period from the time T7 to the time T9 during which
data is written from the second processor 12, data is not read
to the first processor 11 and the second processor 12, as in a
period from the time T1 to the time T3.

In reading of the data “0” to the first processor 11 and the
second processor 12, from the time T9 to the time T10, a high
potential H is supplied from the controller 13 as the first read
enable signal REN1 and the second read enable signal REN2,
and alow potential L is applied to the precharge signal line PC
and a high potential H is applied to the first read selection line
RSL1 and the second read selection line RSL.2. By applica-
tion of a low potential L to the precharge signal line PC, a high
potential H is applied to the first read data line RDL1 through
the transistor 111 and a high potential H is applied to the
second read data line RDL2 through the transistor 112. Atthis
time, the latch circuits 113 and 114 hold a high potential H. In
addition, a high potential H is applied to the first read selec-
tion line RSL1, so that the transistor 104 is turned on. Further,
a high potential H is applied to the second read selection line
RSL2, so that the transistor 105 is also on. Further, by writing
of the data “0” from the time T7 to the time T9, the transistor
103 is off.

From the time T10 to the time T11, the first read enable
signal REN1 and the second read enable signal REN2 are a
high potential H, the precharge signal line PC is at a high
potential H, and the first read selection line RSLL1 and the
second read selection line RSL.2 are at a high potential H.
Here, unlike a period from the time T4 to the time T5, the
transistor 103 is off. Accordingly, electrical continuity is not
established between the first read data line RDL1 and the first
power supply line 107 and between the second read data line
RDL.2 and the first power supply line 107. Therefore, the first
read data line RDL1 and the second read data line RDL2 are
at a high potential H. In this manner, a potential is applied to
the first read data line RDL1 and the second read data line
RDL.2 in accordance with the potential written to the node FG
of the memory cell 100. As a result, the data of the memory
cell 100 can be read.

A potential applied to the first read data line RDL1 and the
second read data line RDL.2 is transmitted to the controller 13
as a read data signal, and the data “0” is given to the first
processor 11 and the second processor 12. In this manner, the
data “0” written from the second processor 12 is read to the
first processor 11 and the second processor 12.

In a period from the time T9 to the time T11 during which
data is read to the first processor 11 and the second processor
12, data is not written from the first processor 11 and the
second processor 12, as in the period from the time T3 to the
time T5.

As illustrated in FIG. 1, a plurality of data write transistors
of'a memory cell and a plurality of data read transistors of a
memory cell are provided in accordance with the number of
connected processors. Thus, data writing operation and data
reading operation can be successively performed and data can
be read to a plurality of processors at the same time.
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Next, the third data writing/reading operation from the
time T12 to the time T14 is described. The third data writing/
reading operation is as follows: the data “1” is written from
the first processor 11 and the data “1” is read to the first
processor 11 and the second processor 12. The third data
writing/reading operation is the operation performing all of
the following operations at the same time: the data “1” is
written from the first processor 11 (the time T1 to the time
T3), the data “1” is read to the first processor 11 (the time T3
to the time T5), and the data “1” is read to the second proces-
sor 12 (the time T5 to the time T7).

In writing of the data “1” from the first processor 11, a high
potential H is supplied from the controller 13 as the first write
enable signal WENT1, and a high potential H is supplied to the
first write selection line WSL1 and the first write data line
WDL1 from the time T12 to the time T13. Accordingly, the
transistor 101 is turned on, and a high potential H of the first
write data line WDL1 is applied to the gate electrode of the
transistor 103 (the node FG).

In reading of the data “1” to the first processor 11 and the
second processor 12, from the time T12 to the time T13, a
high potential H is supplied from the controller 13 as the first
read enable signal REN1 and the second read enable signal
REN2, and alow potential L. is applied to the precharge signal
line PC and a high potential H is applied to the first read
selection line RSL1 and the second read selection line RSL2.
By application of alow potential L. to the precharge signal line
PC, a high potential H is applied to the first read data line
RDL1 through the transistor 111 and a high potential H is
applied to the second read data line RDL.2 through the tran-
sistor 112. At this time, the latch circuits 113 and 114 hold a
high potential H. In addition, a high potential H is applied to
the first read selection line RSL1, so that the transistor 104 is
on. Further, a high potential H is applied to the second read
selection line RSL2, so that the transistor 105 is also on.
Further, by writing of the data “1” performed at the same time,
the transistor 103 is also turned on.

From the time T13 to the time T14, the first write enable
signal WEN1 is a high potential H, the potential of the first
write selection line WSL1 is a low potential L, and the first
write data line WDL1 is at a high potential H. Accordingly,
since the transistor 101 is turned off while the potential of the
first write data line WDL1 is a high potential H, the potential
applied to the gate electrode of the transistor 103 (the node
FQG) is held. As a result, the transistor 103 is on and the data
“1” is written.

At this time, from the time T13 to the time T14, the first
read enable signal REN1 and the second read enable signal
REN?2 are a high potential H, the precharge signal line PC is
atahigh potential H, and the first read selection line RSI.1 and
the second read selection line RSL.2 are at a high potential H.
Accordingly, electrical continuity is established between the
first read data line RDL1 and the first power supply line 107
and between the second read data line RDL2 and the first
power supply line 107. Thus, the potential of the first read data
line RDL1 and the potential of the second read data line
RDL2 are a low potential L. In this manner, a potential is
applied to the first read data line RDL1 and the second read
data line RDL.2 in accordance with the potential written to the
node FG of the memory cell 100. As a result, the data of the
memory cell 100 can be read.

A potential applied to the first read data line RDL1 and the
second read data line RDL2 is transmitted to the controller 13
as a read data signal, and the data “1” is given to the first
processor 11 and the second processor 12. In this manner, the
data “1” written from the first processor 11 is read to the first
processor 11 and the second processor 12.
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In a period from the time T12 to the time T14 during which
the data is written from the first processor 11, as in the period
from the time T1 to the time T3, data is not written from the
second processor 12.

As illustrated in FIG. 1, a plurality of data write transistors
of'a memory cell and a plurality of data read transistors of a
memory cell are provided in accordance with the number of
connected processors. Thus, data writing operation and data
reading operation can be performed at the same time and data
can be read to a plurality of processors.

Next, a memory cell array 120 including the plurality of
memory cells 100 in FIG. 1, a memory device including the
memory cell array 120, and the operation of the memory cell
array and the memory device will be described with reference
to FIG. 5 and FIG. 6. Note that the memory cell array 120
illustrated in FIG. 5 can be used as the memory device 14 in
the semiconductor device in FIG. 2.

FIG. 5 is an example of a block diagram of the memory cell
array 120 including (mxn) memory cells 100. Here, the struc-
ture of the memory cell 100 in FIG. 5 is substantially the same
as that in FIG. 1.

The memory device in FIG. 5 includes the memory cell
array 120 in which the memory cells 100 are arranged in a
matrix of m rows and n columns (m and n are natural numbers
of 2 or more). The memory cell array 120 includes m first
write selection lines WSL1_1 to WSL1__m, m second write
selection lines WSL.2_1 to WSL2_ m, m first read selection
lines RSL1_1 to RSL1_ m, and the m second read selection
lines RSL.2_1 to RSL2_ m, which are extended in the row
direction. In addition, the memory cell array 120 includes n
first write data lines WDL1_1 to WDL1__#, n second write
data lines WDL2_1 to WDL2_ », n first read data lines
RDL1_1 to RDL1_ #, and n second read data lines RDL2_1
to RDL2_ n, which are extended in the column direction.
Note that these wirings are electrically connected to elements
included in the memory cell 100, as similar to those in FIG. 1.
Note that the plurality of memory cells 100 arranged in the
row direction shares the wiring extended in the row direction.
Note that the plurality of memory cells 100 arranged in the
column direction shares the wiring extended in the column
direction.

Note that in FIG. 5, the first power supply line 107 and the
second power supply line 108 in FIG. 1 are omitted for easy
understanding. Needless to say, as illustrated in FIG. 1, the
plurality of memory cells 100 arranged in the column direc-
tion can share the first power supply line 107 and the second
power supply line 108 which are extended in the column
direction. Alternatively, the plurality of memory cells 100
arranged in the row direction can share the first power supply
line 107 and the second power supply line 108 which are
extended in the row direction.

The m first write selection lines WSL1_1 to WSL1_ m are
electrically connected to a first driving circuit 121. The m
second write selection lines WSL2_1 to WSL2_ m are elec-
trically connected to a second driving circuit 122. The m first
read selection lines RSL.1_1to RSL.1_m are electrically con-
nected to a third driving circuit 123. The m second read
selection lines RSL.2_1 to RSL.2_m are electrically con-
nected to a fourth driving circuit 124.

The n first write data lines WDL1_1 to WDL1_ » are
electrically connected to a fifth driving circuit 125. The n
second write data lines WDL2_1to WDL2_ » are electrically
connected to a sixth driving circuit 126. The n first read data
lines RDL1_1 to RDL1_ #» are electrically connected to a
seventh driving circuit 127. The n second read data lines
RDL2_1to RDL2_ # are electrically connected to an eighth
driving circuit 128.
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The first driving circuit 121 supplies an appropriate poten-
tial to the first write selection lines WSL1_1 to WSL1_min
accordance with a data writing instruction from the first pro-
cessor 11 and the values of the first write enable signal WEN1
and a first writing address signal add(W)1 which are trans-
mitted from the controller 13. The second driving circuit 122
supplies an appropriate potential to the second write selection
lines WSL.2_1to WSL2_ m in accordance with a data writing
instruction from the second processor 12 and the values ofthe
second write enable signal WEN2 and a second writing
address signal add(W)2 which are transmitted from the con-
troller 13. The third driving circuit 123 supplies an appropri-
ate potential to the first read selection lines RSLL1_1 to
RSL1_m in accordance with a data reading instruction from
the first processor 11 and the values of the first read enable
signal REN1 and a first reading address signal add(R)1 which
are transmitted from the controller 13. The fourth driving
circuit 124 supplies an appropriate potential to the second
read selection lines RSL.2_1 to RSL2_ m in accordance with
a data reading instruction from the second processor 12 and
the values of the second read enable signal REN2 and the
second reading address signal add(R)2 which are transmitted
from the controller 13.

The fifth driving circuit 125 supplies an appropriate poten-
tial to the first write data lines WDL1_1 to WDL1_ # in
accordance with a data writing instruction from the first pro-
cessor 11 and the values of the first write enable signal WEN1
and a first write data signal data(W)1 which are transmitted
from the controller 13. The sixth driving circuit 126 supplies
an appropriate potential to the second write data lines
WDL2_1 to WDL2_ #» in accordance with a data writing
instruction from the second processor 12 and the values ofthe
second write enable signal WEN2 and a second write data
signal data(W)2 which are transmitted from the controller 13.
The seventh driving circuit 127 supplies a low potential L to
the precharge signal line PC in accordance with a data reading
instruction from the first processor 11 and the value of the first
read enable signal REN1 transmitted from the controller 13
so that the first read data lines RDL1 1 to RDL1_» are
precharged. The potentials of the first read data lines RDL.1_1
to RDL1_ # which are obtained by post-precharge data read
are given to the controller 13 as a first read data signal data
(R)1. The eighth driving circuit 128 supplies a low potential L.
to the precharge signal line PC in accordance with a data
reading instruction from the second processor 12 in accor-
dance with the value of the second read enable signal REN2
transmitted from the controller 13 so that the second read data
lines RDL.2_1to RDL2_ » are precharged. The potentials of
the second read data lines RDIL.2_1 to RDL2_#» which are
obtained by post-precharge data read are given to the control-
ler 13 as a second read data signal data(R)2.

Note that in the case of using the reading circuit in FIG. 3A
or 3B, reading circuits may be separately provided for the
seventh driving circuit 127 and the eighth driving circuit 128,
or a reading circuit may be provided for the seventh driving
circuit 127 and the eighth driving circuit 128 to share the
precharge signal line PC. In this embodiment, reading circuits
in the seventh driving circuit 127 and the eighth driving
circuit 128 share a precharge signal line.

Note that the structures of the first driving circuit 121 to the
eighth driving circuit 128 are not limited to the above struc-
tures. For example, the locations of the first driving circuit
121 to the eighth driving circuit 128 may be changed, or one
driver circuit may have the functions of two or more of the
first driving circuit 121 to the eighth driving circuit 128.

The operation of the memory device in FIG. 5 will be
described with reference to a timing diagram in FIG. 6. The
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timing diagram in FIG. 6 shows the potentials of the first write
selection line WSL1, the second write selection line WSL2,
the first read selection line RSL1, the second read selection
line RSL2, the first write data line WDL1, the second write
dataline WDL2, the first read data line RDL1, the second read
data line RDL2, and the precharge signal line PC, from the
time T1 to the time T5. Note that CLK, WEN1, WEN2,
RENT1, and REN2 represent the same signals as those in the
timing diagram in FIG. 4. In addition, add(W)1, add(W)2,
add(R)1, and add(R)2 represent the first writing address sig-
nal add(W)1, the second writing address signal add(W)2, the
first reading address signal add(R)1, and the second reading
address signal add(R)2, respectively. Note that the number in
a writing address signal and a reading address signal in the
timing diagram indicates the number of rows selected by the
signal, and a cross means that any wiring is not selected by the
address signal.

Note that for simplicity, the memory cell array 120 where
the memory cells 100 are arranged in 2 (rows)x2 (columns) is
described, for example. In addition, in the timing diagram,
“ 1”7 and “_2” added to the end of wiring names represent
wiring’s positions in rows or columns. Hereinafter, in the case
of'describing the structure of the memory cell 100 in k-th row
and n-th column, the memory cell is sometimes denoted by [k,
n].

The first processor 11 and the second processor 12 perform
data writing operation and data reading operation on the
memory cell array 120 by row. In the timing diagram in FIG.
6, first, the first processor 11 writes data to memory cells in
the first row, and at the same time, the second processor 12
writes data to memory cells in the second row. After the data
write, the first processor 11 reads data from the memory cells
in the first row, and at the same time, the second processor 12
reads data from the memory cells in the second row.

More specifically, according to the timing diagram in FIG.
6, first, the following operations are performed at the same
time in the period from the time T1 to the time T3: the first
processor 11 writes data “1” to the first-row and first-column
memory cell 100[1, 1], the first processor 11 writes data “0”
to the first-row and second-column memory cell 100[1, 2], the
second processor 12 writes data “0” to the second-row and
first-column memory cell 100[2, 1], and the second processor
12 writes data “1” to the second-row and second-column
memory cell 100[2, 2]. Then, the following operations are
performed at the same time in the period from the time T3 to
the time T5: the data “1” of the first-row and first-column
memory cell 1001, 1]isread to the first processor 11, the data
“0” of the first-row and second-column memory cell 100[1, 2]
is read to the first processor 11, the data “0” of the second-row
and first-column memory cell 100[2, 1] is read to the second
processor 12, and the data “1” of the second-row and second-
column memory cell 100[2, 2] is read to the second processor
12. Here, the data writing operation and the data reading
operation are sequentially performed in synchronization with
the clock signal CLK input from the controller 13. The opera-
tion is described below in detail with reference to the timing
diagram in FIG. 6.

First, from the time T1 to the time T2, the controller 13
supplies a high potential H as the first write enable signal
WEN1 and the first writing address signal add(W)1 for select-
ing the first write selection line WSL1_1 to the first driving
circuit 121. In addition, the controller 13 supplies a high
potential H as the second write enable signal WEN2 and the
second writing address signal add(W)2 for selecting the sec-
ond write selection line WSL2_2 to the second driving circuit
122. In response to the operation, a high potential H is sup-
plied to the first write selection line WSL.1_1 and the second
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write selection line WSL.2_2, and alow potential L. is supplied
to the first write selection line WSL1_2 and the second write
selection line WSL.2_1. Accordingly, the transistor 101[1, 1],
the transistor 101[1, 2], the transistor 102[2, 1], and the tran-
sistor 102[2, 2] are turned on, and the transistor 101[2, 1], the
transistor 101[2, 2], the transistor 102[1, 1], and the transistor
102[1, 2] are turned off.

At this time, the controller 13 supplies a high potential H as
the first write enable signal WEN1 and the first write data
signal data(W)1 to the fifth driving circuit 125. In addition,
the controller 13 supplies a high potential H as the second
write enable signal WEN2 and the second write data signal
data(W)2 to the sixth driving circuit 126. In response to the
operation, a high potential H is supplied to the first write data
line WDL1_1 and the second write data line WDL2_2, and a
low potential L. is supplied to the first write data line WDL1_2
and the second write data line WDL2_1. Accordingly, a high
potential H at the first write data line WDL1_1 is supplied to
the node FG[1, 1] through the transistor 1011, 1] which is in
anon state, and a high potential H at the second write data line
WDL.2_2 is supplied to the node FG[2, 2] through the tran-
sistor 102[2, 2] which is in an on state. In addition, a low
potential L at the first write data line WDL1_2 is supplied to
the node FG[1, 2] through the transistor 1011, 2] which is in
an on state, and a low potential L at the second write data line
WDL.2_1 is supplied to the node FG[2, 1] through the tran-
sistor 102[2, 1] which is in an on state. Note that at this time,
the transistor 102 of the memory cell 100 in the first row and
the transistor 101 of the memory cell 100 in the second row
are in an off state, and therefore, unnecessary potential is
prevented from being applied to the node FG of each memory
cell 100.

From the time T2 to the time T3, the first write enable
signal WENT1 and the second write enable signal WEN?2 are a
high potential H, and the first writing address signal add(W)1
and the second writing address signal add(W)2 are kept. Here,
the first write selection line WSL1_1, the first write selection
line WSL1_2, the second write selection line WSL.2_1, and
the second write selection line WSL.2_2 are at a low potential
L. On the other hand, the potentials of the first write data line
WDL1_1, the first write data line WDL1_2, the second write
data line WDL2_1, and the second write data line WDL2_2
are kept. Accordingly, the transistor 101[1, 1] is turned off
while the potential of the first write data line WDL1_1 isheld;
therefore, the potential supplied to the node FG[1, 1] is held.
The same is applied to the transistor 101[1, 2], the transistor
102[2, 1], and the transistor 102[2, 2]. In this manner, the data
“1” is written to the memory cell 100[1, 1], the data “0” is
written to the memory cell 100[1, 2], the data “0” is written to
the memory cell 100[2, 1], and the data “1” is written to the
memory cell 100[2, 2].

In the period from the time T1 to the time T3 during which
data is written from the first processor 11 and the second
processor 12, as in the period from the time T1 to the time T3
in the timing diagram in FIG. 4, data is not read to the first
processor 11 and the second processor 12.

As illustrated in FIG. 1, a plurality of data write transistors
of'a memory cell and a plurality of data read transistors of a
memory cell are provided in accordance with the number of
connected processors. Thus, data writing operation can be
performed on memory cells in different rows of a memory cell
array at the same time.

First, from the time T3 to the time T4, the controller 13
supplies a high potential H as the first read enable signal
RENT1 and the first reading address signal add(R)1 for select-
ing the first read selection line RS[.1_1 to the third driving
circuit 123. In addition, the controller 13 supplies a high
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potential H as the second read enable signal REN2 and the
second reading address signal add(R)2 for selecting the sec-
ond read selection line RSL[.2_2 to the fourth driving circuit
124. In response to the operation, a high potential H is sup-
plied to the first read selection line RS[.1_1 and the second
read selection line RSL.2_2, and a low potential L is supplied
to the first read selection line RSL1_2 and the second read
selection line RS[.2_1. Accordingly, the transistor 104[1, 1],
the transistor 104[1, 2], the transistor 105[2, 1], and the tran-
sistor 105[2, 2] are on, and the transistor 104[2, 1], the tran-
sistor 1042, 2], the transistor 105[1, 1], and the transistor
105[1, 2] are off.

Atthis time, the controller 13 supplies a high potential H as
the first read enable signal REN1 to the seventh driving circuit
127, and the controller 13 supplies a high potential H as the
second read enable signal REN2 to the eighth driving circuit
128. In response to the operation, a low potential L is supplied
to the precharge signal line PC. Accordingly, a high potential
H is supplied to the first read data line RDL.1_1, the first read
dataline RDL1_2, the second read data line RDL2_1, and the
second read data line RDL2_2. Atthis time, a latch circuit that
is electrically connected to wirings holds a high potential H.

From the time T4 to the time T5, the first read enable signal
RENT1 and the second read enable signal REN2 are a high
potential H, and the first reading address signal add(R)1 and
the second reading address signal add(R)2 are kept. The
potential of the precharge signal line PC becomes a high
potential H, and the potentials of the first read selection line
RSL1_1, the first read selection line RSLL1_2, the second read
selection line RSL2_1, and the second read selection line
RSL2_2 are kept. Here, since the transistor 103[1, 1] and the
transistor 103[2, 2] are in an on state, electrical continuity is
established between the first read data line RDL1_1 and the
first power supply line 107 and between the second read data
line RDL2_2 and the first power supply line 107. Accord-
ingly, the potentials of the first read data line RDL.1_1 and the
second read data line RDL2_2 are lowered to a low potential
L. On the other hand, since the transistor 103[1, 2] and the
transistor 103[2, 1] are in an off state, electrical continuity is
not established between the first read data line RDL1_2 and
the first power supply line 107 and between the second read
dataline RDL.2_1 and the first power supply line 107. Accord-
ingly, the first read data line RDL1_2 and the second read data
line RDL2_1 are at a high potential H. In this manner, a
potential is applied to the first read data line RDL1_1, the first
read data line RDL1_2, the second read data line RDL2_1,
and the second read data line RDL2_2 in accordance with the
potential written to the nodes FG of the memory cells 100. As
a result, data of the memory cells 100 can be read.

The potential applied to the first read data line RDI.1_1 and
the first read data line RDL1_2 is transmitted to the controller
13 as a read data signal data(R)1 through the seventh driving
circuit 127, and the data “1” in the memory cell 100[1, 1] and
the data “0” in the memory cell 100[1, 2] are given to the first
processor 11. The potential applied to the second read data
line RDL2_1 and the second read data line RDL2_2 is trans-
mitted to the controller 13 as a read data signal data(R)2
through the eighth driving circuit 128, and the data “0” in the
memory cell 100[2, 1] and the data “1” in the memory cell
100[2, 2] are given to the second processor 12.

In this manner, data written from the first processor 11 and
the second processor 12 from the time T1 to the time T3 is
read to the first processor 11 and the second processor 12 from
the time T3 to the time T5.

In a period from the time T3 to the time T5 during which
data is read to the first processor 11 and the second processor
12, as in the period from the time T1 to the time T3 in the
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timing diagram in FIG. 4, data is not written from the first
processor 11 and the second processor 12.

As illustrated in FIG. 1, a plurality of data write transistors
of'a memory cell and a plurality of data read transistors of a
memory cell are provided in accordance with the number of
connected processors. Thus, data reading operation can be
performed on memory cells in different rows of a memory cell
array at the same time.

Note that according to the timing diagram in FIG. 6, data
reading operation is performed after data writing operation.
However, as in a period from the time T12 to the time T14 in
the timing diagram in FIG. 4, data writing operation and data
reading operation can be performed at the same time.

As described above, a data write transistor of a memory
device shared by a plurality of processors is manufactured
with a material capable of achieving a sufficiently low off-
state current of a transistor (e.g., an oxide semiconductor
material thatis a wide band gap semiconductor). Using a wide
band gap semiconductor material capable of achieving a suf-
ficiently low off-state current of a transistor makes it possible
to hold a potential for a long time without regular or constant
supply of power, and therefore, low power consumption can
be achieved.

A memory device has a memory cell including at least one
data write transistor, at least one data storage transistor, and at
least two data read transistors, and is shared by a plurality of
processors. With this structure, the number of elements can be
smaller than at least that of a memory cell of a dual-port
SRAM, which results in achieving a small area of a memory
cell and easily achieving a high capacity of the memory
device.

In addition, a semiconductor device where a plurality of
processors shares the memory device can be provided.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

Embodiment 2

In this embodiment, a memory device that has a structure
different from that of the memory device described in the
above embodiment and the operation thereof will be
described with reference to FI1G. 7, FIG. 8, and FIG. 9.

FIG. 7 is an example of a block diagram of a memory cell
array 170 which includes (mxn) memory cells 150. FIG. 8
illustrates the structure of the memory cell 150 in FIG. 7. Note
that the memory cell array 170 in FIG. 7 can be used as the
memory device 14 in the semiconductor device in FIG. 2, as
described in the above embodiment.

In the memory device in FIG. 5, the m first write selection
lines WSL1_1 to WSL1_m, the n first write data lines
WDL1_1 to WDL1__», the first driving circuit 121, and the
fifth driving circuit 125 are provided for the first processor 11.
In addition, the m second write selection lines WSL2_1 to
WSL2_ m, the n second write data lines WDL2_1to WDL2__
n, the second driving circuit 122, and the sixth driving circuit
126 are provided for the second processor 12.

On the other hand, the memory device in FIG. 7 includes m
write selection lines WSL_1 to WSL_ m, n write data lines
WDL._1to WDL__#, a first driving circuit 171 which is elec-
trically connected to the m write selection lines WSL._1 to
WSL__m, and the second driving circuit 172 which is electri-
cally connected to the n write data lines WDL_1 to WDL_ »n.
That is, in the memory device in FIG. 7, the number of wirings
for writing data and the number of driving circuits for writing
data are reduced to half in comparison with the memory
device in FIG. 5.
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Further, the first driving circuit 171 and the second driving
circuit 172 are electrically connected to an address signal
selector 181 and a data signal selector 182, respectively. The
address signal selector 181 has a function of outputting an
address signal and a write enable signal which are transmitted
from the first processor 11 to the first driving circuit 171 at
certain timing and outputting an address signal and a write
enable signal which are transmitted from the second proces-
sor 12 to the first driving circuit 171 at different timing. The
data signal selector 182 has a function of outputting a data
signal and a write enable signal which are transmitted from
the first processor 11 to the second driving circuit 172 at
certain timing and outputting a data signal and a write enable
signal which are transmitted from the second processor 12 to
the second driving circuit 172 at different timing.

That is, the first write enable signal WENT1, the second
write enable signal WEN2, the first writing address signal
add(W)1, and the second writing address signal add(W)2 are
transmitted from the controller 13 to the address signal selec-
tor 181 in accordance with a data writing instruction of the
first processor 11 and the second processor 12. Thus, the
timing for transmitting a signal of the first processor 11 and
the timing for transmitting a signal of the second processor 12
are made to be different. As a result, a write enable signal
WEN and a write address signal add(W) are transmitted to the
first driving circuit 171 to apply an appropriate potential at the
write selection lines WSL_1 to WSL_ m.

That is, the first write enable signal WENT1, the second
write enable signal WEN2, the first write data signal data(W)
1, and the second write data signal data(W)2 are transmitted
from the controller 13 to the address signal selector 182 in
accordance with a data writing instruction of the first proces-
sor 11 and the second processor 12. Thus, the timing for
transmitting a signal of the first processor 11 and the timing
for transmitting a signal of the second processor 12 are made
to be different. As a result, a write enable signal WEN and a
write data signal data(W) are transmitted to the second driv-
ing circuit 172 to apply an appropriate potential at the write
data lines WDL_1 to WDL_ »n.

In consideration of these differences, the memory cell 150
includes one data write transistor 152, whereas the memory
cell 100 includes the two data write transistors 101 and 102.
Note that the transistor 152 is similar to the transistor 101 or
102. In addition, as in the transistors 101 and 102, a drain
electrode (or a source electrode) of the transistor 152 is elec-
trically connected to the node FG; a gate electrode of the
transistor 152 is electrically connected to the write selection
line WSL, and a source electrode (or a drain electrode) of the
transistor 152 is electrically connected to the write data line
WDL.. Note that the structure of other portions of the memory
cell 150 is similar to that of the memory cell 100 and therefore
the above embodiment can be referred to for the details.

The structure of other portions of the memory device in
FIG. 7 is similar to that of the memory device in FIG. 5 and
therefore the above embodiment can be referred to for the
details.

Note that the address signal selector 181 and the data signal
selector 182 are separately provided in the block diagram of
FIG. 7; however, this embodiment is not limited thereto. For
example, the address signal selector 181 and the data signal
selector 182 may be combined into one. In addition, the
address signal selector 181 and the data signal selector 182
are provided inside a memory device in the block diagram of
FIG. 7; however, this embodiment is not limited thereto. For
example, the address signal selector 181 and the data signal
selector 182 may be provided outside the memory device 14.
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The operation of the memory device in FIG. 7 will be
described with reference to the timing diagram in FIG. 9.
Note that for simplicity, the memory cell array 170 where the
memory cells 100 are arranged in 2 (rows)x2 (columns) is
described, for example.

The first processor 11 and the second processor 12 perform
data writing operation and data reading operation on the
memory cell array 170 by row. In the timing diagram in FIG.
9, first, the first processor 11 writes data to memory cells in
the first row, and then, the second processor 12 writes data to
memory cells in the second row. After data write, the first
processor 11 reads data from the memory cells in the first row,
and at the same time, the second processor 12 reads data from
the memory cells in the second row.

More specifically, according to the timing diagram in FIG.
9, first, in a period from the time T1 to the time T3 which is
timing for transmitting a signal to the first processor 11, data
“1” is written to the first-row and first-column memory cell
100[1, 1] and data “0” is written to the first-row and second-
column memory cell 100[1, 2] in accordance with an instruc-
tion of the first processor 11. Next, in a period from the time
T3 to the time T5 which is timing for transmitting a signal to
the second processor 12, data “0” is written to the second-row
and first-column memory cell 100[2, 1] and data “1” is writ-
ten to the second-row and second-column memory cell 100[2,
2] in accordance with an instruction of the second processor
12. Then, the following operations are performed at the same
time in a period from the time T5 to the time T7: the data “1”
of'the first-row and first-column memory cell 100[1, 1] is read
to the first processor 11, the data “0” of the first-row and
second-column memory cell 100[1, 2] is read to the first
processor 11, the data “0” of the second-row and first-column
memory cell 100[2, 1] is read to the second processor 12, and
the data “1” of the second-row and second-column memory
cell 100[2, 2] is read to the second processor 12. Here, the data
writing operation and the data reading operation are sequen-
tially performed in synchronization with the clock signal
CLK input from the controller 13. The operation is described
below in detail with reference to the timing diagram in FIG. 9.

First, from the time T1 to the time T2, the address signal
selector 181 supplies a high potential H as the write enable
signal WEN and the write address signal add(W) for selecting
the write selection line WSL_1 to the first driving circuit 171.
In response to the operation, a high potential H is applied to
the write selection line WSL_1, and a low potential L is
applied to the write selection line WSL._2. Accordingly, the
transistor 152[1, 1] and the transistor 152[1, 2] are on, and the
transistor 152[2, 1] and the transistor 152[2, 2] are off.

At this time, the data signal selector 182 supplies a high
potential H as the write enable signal WEN and the write data
signal data (W) to the second driving circuit 172. In response
to the signals, a high potential H is applied to the write data
line WDL_1, and a low potential L. is applied to the write data
line WDL_2. As described above, a high potential H at the
write data line WDL_1 is supplied to the node FG[1, 1]
through the transistor 1521, 1] which is in an on state. A low
potential L at the write data line WDL_2 is supplied to the
node FG[1, 2] through the transistor 152[1, 2] which is in an
on state. Note that at this time, the transistor 152 of the
memory cells 150 in the second row is in an off state, and
therefore, unnecessary potential is prevented from being
applied to the node FG of the memory cell 150 in the second
row.

From the time T2 to the time T3, the write enable signal
WEN is a high potential H, and the write address signal
add(W) is kept. The potential of the write selection line
WSL_1 is a low potential L. On the other hand, the potentials
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of'the write selection line WSL_2, the write dataline WDL_1,
and the write data line WDL_2 are kept. Accordingly, the
transistor 152[1, 1] and the transistor 152[1, 2] are turned off
while the potentials of the write data line WDL_1 and the
write data line WDL_2 are held. Therefore, the potential
applied to the node FG[1, 1] and the node FG[1, 2] are held.
In this manner, the data “1” is written to the memory cell
150[1, 1], and the data “0” is written to the memory cell
150[1, 2].

From the time T3 to the time T4, the address signal selector
181 supplies a high potential H as the write enable signal
WEN and the write address signal add(W) for selecting the
write selection line WSL_2 to the first driving circuit 171. In
response to the operation, a low potential L is applied to the
write selection line WSL_1, and a high potential H is applied
to the write selection line WSI,_2. Accordingly, the transistor
152[1, 1] and the transistor 152[1, 2] are turned off, and the
transistor 152[2, 1] and the transistor 152[2, 2] are turned on.

At this time, the data signal selector 182 supplies a high
potential H as the write enable signal WEN and the write data
signal data (W) to the second driving circuit 172. In response
to the signals, alow potential L. is applied to the write data line
WDL._1, and a high potential H is applied to the write data
line WDL_2. As described above, a low potential L. at the
write data line WDL_1 is supplied to the node FG[2, 1]
through the transistor 152[2, 1] which is in an on state. A high
potential H at the write data line WDL_2 is supplied to the
node FG[2, 2] through the transistor 152[2, 2] which is in an
on state. Note that at this time, the transistor 152 of the
memory cells 150 in the first row is in an off state, and
therefore, unnecessary potential is prevented from being
applied to the node FG ofthe memory cell 150 in the first row.

From the time T4 to the time T5, the write enable signal
WEN is a high potential H, and the write address signal
add(W) is also kept. The potential of the write selection line
WSL_2 becomes a low potential L.. On the other hand, the
potentials of the write selection line WSL._1, the write data
line WDL_1, and the write data line WDL_2 are kept.
Accordingly, the transistor 152[2, 1] and the transistor 152[2,
2] are turned off while the potentials of the write data line
WDL_1 and the write data line WDL_2 are held. Therefore,
the potential applied to the node FG[2, 1] and the node FGJ2,
2] are held. In this manner, the data “0” is written to the
memory cell 150[2, 1], and the data “1” is written to the
memory cell 150[2, 2].

In a period from the time T1 to the time T5 during which
data is written from the first processor 11 and the second
processor 12, as in the period from the time T1 to the time T3
in the timing diagram in FIG. 4, data is not read to the first
processor 11 and the second processor 12.

As illustrated in FIG. 7 and FIG. 8, a plurality of data write
transistors of a memory cell and a plurality of data write
transistors electrically connected to the driving circuit, and a
plurality of data writing driving circuits connected to an
address signal selector and a data signal selector are provided
in accordance with the number of connected processors.
Thus, data writing operation can be performed on memory
cells in different rows of a memory cell array at the same time.

The data reading operation from the time T5 to the time T7
can be performed in a manner similar to the data reading
operation that is performed from the time T3 to the time T5 in
the timing diagram in FIG. 9.

Note that, according to the timing diagram in FIG. 9, data
reading operation is performed after data writing operation.
However, as in a period from the time T12 to the time T14 in
the timing diagram in FIG. 4, data writing operation and data
reading operation can be performed at the same time.
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As described in the above embodiment, a data write tran-
sistor of a memory device shared by a plurality of processors
is manufactured with a material capable of achieving a suffi-
ciently low off-state current of a transistor (e.g., an oxide
semiconductor material that is a wide band gap semiconduc-
tor). Using a wide band gap semiconductor material capable
of achieving a sufficiently low off-state current of a transistor
makes it possible to hold a potential for a long time without
regular or constant supply of power, and therefore, low power
consumption can be achieved.

A memory device has a memory cell including at least one
data write transistor, at least one data storage transistor, and at
least two data read transistors, and is shared by a plurality of
processors. With this structure, the number of elements can be
smaller than at least that of a memory cell of a dual-port
SRAM, which results in achieving a small area of a memory
cell and easily achieving a high capacity of the memory
device.

In addition, a semiconductor device where a plurality of
processors shares the memory device can be provided.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

Embodiment 3

In this embodiment, an example of a method for manufac-
turing the memory device described in the above embodiment
will be described with reference to FIGS. 10A to 10D, FIGS.
11A and 11B, FIGS. 12A to 12C, FIGS. 13A and 13B, and
FIGS. 14A and 14B. As an example, a method for manufac-
turing the transistor 101 and the transistor 103 in the memory
cell 100 in FIG. 1 will be described. Note that in FIGS. 10A
to 10D, FIGS. 11A and 11B, FIGS. 12A to 12C, and FIGS.
13A and 13B, a cross-sectional view taken along line A-B
corresponds to a cross-sectional view of a region where the
transistor 101 including an oxide semiconductor as an wide
band gap semiconductor and the n-channel transistor 103, and
a cross-sectional view taken along line C-D corresponds to a
cross-sectional view of the node FG at which the drain elec-
trode (or the source electrode) of the transistor 101 including
an oxide semiconductor film is connected to the gate elec-
trode of the n-channel transistor 103.

Note that the transistor 102 in FIG. 1 and the transistor 152
in FIG. 8 can be formed using a material and a method that are
similar to those of the transistor 101. The transistors 104 and
105 in FIG. 1 can be formed using a material and a method
that are similar to those of the transistor 103.

First, asillustrated in FIG. 10A, an element isolation region
203 is formed in a p-type semiconductor substrate 201.

As the p-type semiconductor substrate 201, a single crystal
silicon substrate (a silicon wafer) having p-type conductivity
ora compound semiconductor substrate (e.g., a SiC substrate,
or a GaN substrate) can be used.

Instead of the p-type semiconductor substrate 201, the
following substrate may be used as a silicon on insulator
(SOI) substrate: a so-called separation by implanted oxygen
(SIMOX) substrate which is formed in such a manner that
after an oxygen ion is implanted into a mirror-polished wafer,
an oxide layer is formed at a certain depth from the surface
and defects generated in a surface layer are eliminated by high
temperature heating; or an SOI substrate formed by a tech-
nique called a Smart-Cut method in which a semiconductor
substrate is cleaved by utilizing the thermally induced growth
of'aminute void formed by implantation of a hydrogen ion, an
epitaxial layer transfer (ELTRAN: a registered trademark of
Canon Inc.) method, or the like.
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The element isolation region 203 can be formed by a local
oxidation of silicon (LOCOS) method, a shallow trench iso-
lation (STI) method, or the like.

In the case where a p-channel transistor is formed over the
same substrate, for example, in the case where the reading
circuit in FIG. 3A or 3B is formed over the same substrate and
the semiconductor substrate 201 is p-type, an n-well region
may be formed in part of the semiconductor substrate 201.
The n-well region is formed by addition of an impurity ele-
ment imparting n-type conductivity, such as phosphorus or
arsenic.

Although the p-type semiconductor substrate is used as the
semiconductor substrate 201 here, a p-channel transistor may
be formed using an n-type semiconductor substrate. In that
case, an n-channel transistor may be formed over the same
substrate in such a manner that an impurity element imparting
p-type conductivity, such as boron, is added to an n-type
semiconductor substrate and thus a p-well region is formed.

Next, as illustrated in FIG. 10B, a gate insulating film 207
and a gate electrode 209 are formed over the semiconductor
substrate 201.

Heat treatment is performed on a surface of the semicon-
ductor substrate 201 to oxidize the surface, whereby a silicon
oxide film is formed. Alternatively, a silicon oxide film is
formed by a thermal oxidation method, and then a surface of
the silicon oxide film is nitrided by a nitridation treatment;
thus a stacked structure including the silicon oxide film and
the silicon film containing oxygen and nitrogen (silicon
oxynitride film) is formed. Next, part of the silicon oxide film
or the silicon oxynitride film is selectively etched to form the
gate insulating film 207. Alternatively, a 5-to-50-nm-thick
film ofa silicon oxide; a silicon oxynitride; a metal oxide such
as a tantalum oxide, a hafnium oxide, a hafnium silicate
oxide, a zirconium oxide, an aluminum oxide, or a titanium
oxide; or a rare-earth oxide such as a lanthanum oxide, each
of' which is a high dielectric constant substance (also referred
to as a high-k material), is formed by a CVD method, a
sputtering method, or the like; then, part of the film is selec-
tively etched to form the gate insulating film 207.

The gate electrode 209 is preferably formed using a metal
selected from metals such as tantalum, tungsten, titanium,
molybdenum, chromium, and niobium, or an alloy material or
a compound material including any of the metals as its main
component. Further, polycrystalline silicon to which an
impurity element such as phosphorus is added can be used.
Furthermore, the control gate electrode 209 may be formed to
have a stacked structure of a metal nitride film and a film of
any of the above metals. As the metal nitride, tungsten nitride,
molybdenum nitride, or titanium nitride can be used. When
the metal nitride film is provided, adhesiveness of the metal
film can be increased; accordingly, separation can be pre-
vented.

The gate electrode 209 is formed in such a manner that a
conductive film is formed by a sputtering method, a CVD
method, or the like and then part of the conductive film is
selectively etched.

Here, the surface of the semiconductor substrate 201 is
oxidized by heat treatment, so that a silicon oxide film is
formed; a conductive film including a stack of a tantalum
nitride film and a tungsten film is formed over the silicon
oxide film by a sputtering method; then, part of the silicon
oxide film and part of the conductive film are selectively
etched. Thus, the gate insulating film 207 and the gate elec-
trode 209 are formed.

Note that for high integration, a structure in which sidewall
insulating layers are not provided on side surfaces of the gate
electrode 209 is preferable. On the other hand, when the
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characteristics of the transistor have priority, sidewall insu-
lating layers may be provided on the side surfaces of the gate
electrode 209.

Next, as illustrated in FIG. 10C, an impurity element
imparting n-type conductivity is added to the semiconductor
substrate 201 to form n-type impurity regions 211a and 2115.
In the case where an n-well region is formed in the same
substrate, p-type impurity regions are formed by addition of
an impurity element imparting p-type conductivity to the
n-well region. The concentration of the impurity element
imparting n-type conductivity in the n-type impurity regions
211a and 2115 and the concentration of the impurity element
imparting p-type conductivity in the p-type impurity regions
preferably range from 1x10*° atoms/cm® to 1x10*! atoms/
cm’. The impurity element imparting n-type conductivity and
the impurity element imparting p-type conductivity are added
to the semiconductor substrate 201 and the n-well region,
respectively, by an ion doping method, an ion implantation
method, or the like as appropriate.

In the case where sidewall insulating layers are formed on
the side surfaces of the gate electrode 209, an impurity region
having an impurity concentration different from that in the
n-type impurity regions 211a and 2115 and that in the p-type
concentration regions can be formed in regions overlapping
with the sidewall insulating layers.

Next, as illustrated in FIG. 10D, an insulating film 215 and
an insulating film 217 are formed by a sputtering method, a
CVD method, or the like over the semiconductor substrate
201, the element isolation region 203, the gate insulating film
207, and the gate electrode 209.

The insulating films 215 and 217 may each be formed with
a single layer or a stack including one or more of silicon
oxide, silicon oxynitride, silicon nitride oxide, silicon nitride,
aluminum oxide, aluminum oxynitride, aluminum nitride
oxide, aluminum nitride, and the like. When the insulating
film 215 is formed by a CVD method, a hydrogen content of
the insulating film 215 can be increased. Heat treatment is
performed using such an insulating film 215, whereby it is
possible to hydrogenate the semiconductor substrate, to ter-
minate a dangling bond by hydrogen, and to reduce defects in
the semiconductor substrate.

Note that planarity of the insulating film 217 can be high
when the insulating film 217 is formed using an inorganic
material such as borophosphosilicate glass (BPSG), or an
organic material such as polyimide or acrylic.

After the formation of the insulating film 215 or the insu-
lating film 217, heat treatment is performed to activate the
impurity elements added to the n-type impurity regions 211a
and 2115 and the p-type impurity regions.

Through the above steps, as illustrated in FIG. 10D, the
n-channel transistor 103 can be manufactured. Here, the tran-
sistor 103 is formed using a semiconductor other than an
oxide semiconductor, such as single crystal silicon, so that the
transistor 103 can operate at high speed. Accordingly, a
memory device capable of performing a reading operation at
high speed can be formed.

Next, part of each of the insulating films 215 and 217 is
selectively etched to form openings. Then, contact plugs 2194
and 2195 are formed in the openings. Typically, the contact
plugs 219a and 2195 are formed in such a manner that after a
conductive film is formed by a sputtering method, a CVD
method, or the like, planarization treatment is performed by a
chemical mechanical polishing (CMP) method, etching, or
the like so that an unnecessary portion of the conductive film
is removed.
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The conductive film serving as the contact plugs 219a and
2195 is formed by depositing tungsten silicide in the openings
by CVD using a WF gas and a SiH,, gas.

Next, an insulating film is formed by a sputtering method,
aCVD method, or the like over the insulating film 217 and the
contact plugs 219a and 2195, and then, part of the insulating
film is selectively etched to form an insulating film 221 hav-
ing a groove portion. Subsequently, a conductive film is
formed by sputtering, CVD, or the like and then subjected to
planarization treatment such as CMP or etching so that an
unnecessary portion of a surface of the conductive film is
removed, thereby forming a wiring 223q and a wiring 2236
(see FIG. 11A).

Here, the wiring 223a functions as a source electrode of the
transistor 103 and electrically connected to the first power
supply line 107 illustrated in FIG. 1. The wiring 2235 func-
tions as a drain electrode of the transistor 103, and is electri-
cally connected to the source electrode of the transistor 104
and the source electrode of the transistor 105 illustrated in
FIG. 1. Note that here, the transistor 103 is electrically con-
nected to the transistors 104 and 105 through the wiring 2235;
however, this embodiment is not limited to this structure. For
example, the impurity region 2115 functioning as the drain
region of the transistor 103 may be shared with the transistors
104 and 105.

The insulating film 221 can be formed using a material
similar to that of the insulating film 215.

The wirings 223a and 2235 are formed to have a single-
layer structure or a stacked-layer structure including any of
metals such as aluminum, titanium, chromium, nickel, cop-
per, yttrium, zirconium, molybdenum, silver, tantalum, and
tungsten and an alloy containing any of these metals as amain
component. For example, a single-layer structure of an alu-
minum film containing silicon, a two-layer structure in which
a titanium film is stacked over an aluminum film, a two-layer
structure in which a titanium film is stacked over a tungsten
film, a two-layer structure in which a copper film is formed
over a copper-magnesium-aluminum alloy film, and a three-
layer structure in which a titanium film, an aluminum film,
and a titanium film are stacked in this order can be given. Note
that a transparent conductive material containing indium
oxide, tin oxide, or zinc oxide may be used.

The insulating film 221 and the wirings 223a and 2235
which are planarized are used, whereby variation in electric
characteristics of a transistor including an oxide semiconduc-
tor film, which is formed later, can be reduced. Further, the
transistor including an oxide semiconductor film can be
manufactured with a high yield.

Next, heat treatment or plasma treatment is preferably per-
formed so that hydrogen contained in the insulating film 221
and the wirings 223a and 2235 is released. Consequently, in
heat treatment performed later, diffusion of hydrogen to an
insulating film and an oxide semiconductor film to be formed
later can be prevented. The heat treatment is performed at a
temperature of higher than or equal to 100° C. and lower than
the strain point of the substrate in an inert atmosphere, a
reduced-pressure atmosphere, or a dry air atmosphere. Fur-
ther, for the plasma treatment, rare gas, oxygen, nitrogen, or
nitrogen oxide (e.g., nitrous oxide, nitrogen monoxide, or
nitrogen dioxide) is used.

Next, an insulating film 225 is formed by a sputtering
method, a CVD method, or the like over the insulating film
221 and the wirings 223a and 2234. The insulating film 225
can be formed with a single layer or a stacked layer using one
or more of silicon oxide, silicon oxynitride, silicon nitride
oxide, gallium oxide, hatnium oxide, yttrium oxide, alumi-
num oxide, and aluminum oxynitride. The insulating film 225
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is preferably formed using an oxide insulating film from
which some contained oxygen is desorbed by heating. The
oxide insulating film from which part of oxygen is released by
heating is preferably an oxide insulating film which contains
oxygen at a proportion exceeding the stoichiometric propor-
tion. Oxygen is released by heating from the oxide insulating
film from which part of oxygen is released by heating; there-
fore, oxygen can be diffused into the oxide semiconductor
film by heating performed in a later step.

In the case where the insulating film 225 has a layered
structure, the insulating film 225 is preferably an insulating
film serving as a barrier film that prevents the entry of an
impurity that disperses from a lower layer(s). In particular, in
the case where a single crystal silicon substrate, an SOI sub-
strate, a substrate provided with a semiconductor element
formed using silicon, or the like is used as the semiconductor
substrate 201, hydrogen and the like contained in the sub-
strate can be prevented from dispersing and entering the later-
formed oxide semiconductor film. Such an insulating film can
be formed using, for example, a silicon nitride film, a silicon
nitride oxide film, or an aluminum oxide film deposited by a
plasma CVD method or a sputtering method.

The insulating film 225 is preferably planarized by CMP
treatment or the like. The surface of the insulating film 225
has an average surface roughness (R,) of 1 nm or less, pref-
erably 0.3 nm or less, further preferably 0.1 nm or less.

Note that in this specification and the like, the average
surface roughness (R,) is obtained by three-dimension
expansion of arithmetic mean deviation (R ) which is defined
by JIS B 0601:2001 (ISO 4287:1997) so that R, can be
applied to a curved surface, and is an average value of the
absolute values of deviations from a reference surface to a
specific surface.

When the specific surface which is a surface represented by
measurement data is expressed as Z=F(X,Y), the average
surface roughness (R,) is an average value of the absolute
values of deviations from the reference surface to the specific
surface and is shown by the following formula.

1 2
5 |7 i - zbasay
0Jyp Yxi

Here, the specific surface is a surface which is a target of
roughness measurement, and is a quadrilateral region which
is specified by four points represented by the coordinates (x;,
Vi Xy 1)) (X1, Yo, (X1, ¥2)), (Ko, Yo, £(X20 ¥1)), and (X, ¥a.
f(x,, ¥,)). S, represents the area of a rectangle which is
obtained by projecting the specific surface on the xy plane,
and Z, represents the height of the reference surface (the
average height of the specific surface). The average surface
roughness (R ) can be measured using an atomic force micro-
scope (AFM).

The CMP treatment may be performed once or plural
times. When the CMP treatment is performed plural times,
first polishing is preferably performed with a high polishing
rate followed by final polishing with a low polishing rate. By
performing polishing steps with different polishing rates in
combination, the planarity of the surface of the insulating film
225 can be further increased.

Alternatively, plasma treatment can be used as the pla-
narization treatment of the insulating film 225. The plasma
treatment is performed in such a manner that an inert gas, for
example, a rare gas such as an argon gas is introduced into a
vacuum chamber and an electric field is applied so that a
surface to be processed serves as a cathode. The plasma

[FORMULA 1]
Ra=
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treatment has a principle similar to that of a plasma dry
etching method and an inert gas is used in the plasma treat-
ment. That is, the plasma treatment is treatment in which the
surface to be processed is irradiated with ions of an inert gas
and minute unevenness of the surface is reduced by a sput-
tering effect. Therefore, the plasma treatment can also be
referred to as “reverse sputtering treatment”.

When the plasma treatment is performed, electrons and
argon cations are present in plasma and the argon cations are
accelerated in a cathode direction. The surface to be pro-
cessed is sputtered by the accelerated argon cations. At that
time, a projected portion of the surface to be processed is
preferentially sputtered. Particles of sputtering from the sur-
face to be processed attach to another place of the surface to
be processed. At that time, the particles of sputtering from the
surface to be processed preferentially attach to a depressed
portion of the surface to be processed. By thus partially
removing the projected portion and filling the depressed por-
tion, planarity of the surface to be processed is increased.
Note that a combination of plasma treatment and CMP treat-
ment can further planarize the insulating film 225.

Note that through the plasma treatment, it is possible to
remove impurities, such as oxygen, moisture, and an organic
compound, attached onto the surface of the insulating film
225 by a sputtering effect.

It is preferable that impurities such as hydrogen, water, a
compound having a hydroxyl group, and a hydride in a depo-
sition chamber be removed by heating and evacuation of the
deposition chamber before formation of the oxide semicon-
ductor. It is particularly important to remove such impurities
adsorbed on an inner wall of the deposition chamber. Here,
heat treatment may be performed at temperature higher than
or equal to 100° C. and lower than or equal to 450° C. Evacu-
ation of the treatment chamber is preferably performed with a
rough vacuum pump, such as a dry pump, and a high vacuum
pump, such as a sputter ion pump, a turbo molecular pump, or
a cryopump, in appropriate combination. The turbo molecu-
lar pump has an outstanding capability in evacuating a large-
sized molecule, whereas it has a low capability in evacuating
hydrogen or water. Hence, combination of a cryopump hav-
ing a high capability in evacuating water and a sputter ion
pump having a high capability in evacuating hydrogen is
effective. At this time, when the impurities are removed while
an inert gas is introduced, the rate of elimination of water or
the like, which is difficult to eliminate only by evacuation, can
be further increased. Removal of impurities in the deposition
chamber by such treatment before the film formation of the
oxide semiconductor can prevent hydrogen, water, com-
pound having a hydroxyl group, a hydride, and the like from
entering the oxide semiconductor.

Before the oxide semiconductor film is formed by a sput-
tering apparatus, a dummy substrate may be put into the
sputtering apparatus, and an oxide semiconductor film may
be formed over the dummy substrate, so that hydrogen and
moisture attached to the target surface or a deposition shield
may be removed.

Next, an oxide semiconductor film 227 is formed over the
insulating film 225 by a sputtering method, a coating method,
a printing method, an evaporation method, a PCVD method,
a PLD method, an ALD method, an MBE method, or the like
(see FIG.11B). Here, as the oxide semiconductor film 227, an
oxide semiconductor film having a thickness of greater than
or equal to 1 nm and less than or equal to 50 nm, preferably
greater than or equal to 3 nm and less than or equal to 20 nm
is formed by a sputtering method. When the oxide semicon-
ductor film 227 has a thickness in the above range, a short-
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channel effect which might be caused due to miniaturization
of' the transistor can be suppressed.

An oxide semiconductor used for the oxide semiconductor
film 227 preferably contains at least indium (In) or zinc (Zn).
In particular, In and Zn are preferably contained. As a stabi-
lizer for reducing variation in electric characteristics of a
transistor using the oxide semiconductor, gallium (Ga) is
preferably additionally contained. Tin (Sn) is preferably con-
tained as a stabilizer. Hafhium (Hf) is preferably contained as
a stabilizer.

As another stabilizer, one or plural kinds oflanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained.

As the oxide semiconductor, for example, any of the fol-
lowing can be used: indium oxide, tin oxide, zinc oxide, an
In—7n-based oxide, a Sn—Z7n-based oxide, a Zn—Mg-
based oxide, a Sn—Mg-based oxide, an In—Mg-based
oxide, an In—Ga-based oxide, an In—Ga—Zn-based oxide
(also referred to as IGZ0O), an In—Sn—7Z/n-based oxide, a
Sn—Ga—Zn-based oxide, an In—Hf—Zn-based oxide,
In—La—Zn-based oxide, an In—Ce—Zn-based oxide,
In—Pr—Zn-based oxide, an In—Nd—Zn-based oxide,
In—Sm—Zn-based oxide, an In—FEu—Zn-based oxide,
In—Gd—Zn-based oxide, an In—Tb—Zn-based oxide,
In—Dy—Z7n-based oxide, an In—Ho—Zn-based oxide,
In—FEr—Zn-based oxide, an In—Tm—~Zn-based oxide,
In—Yb—Zn-based oxide, an In—Lu—~Zn-based oxide,
In—Sn—Ga—Zn-based oxide, an In—Hf—Ga—Zn-based
oxide, or an In—Sn—Hf—Zn-based oxide. Moreover, sili-
con oxide may be included in the above oxide semiconductor.
Here, for example, an In—Ga—7n-based oxide means an
oxide containing indium (In), gallium (Ga), and zinc (Zn) as
its main components and there is no particular limitation on
the ratio of In:Ga:Zn. The In—Ga—7n-based oxide may
contain a metal element other than the In, Ga, and Zn. In this
case, the amount of oxygen in the oxide semiconductor pref-
erably exceeds the stoichiometric proportion. When the
amount of oxygen exceeds the stoichiometric proportion,
generation of carriers which results from oxygen vacancies in
the oxide semiconductor film can be suppressed.

Alternatively, a material represented by InMO;(Zn0O),,
(m>0, and m is not an integer) may be used as an oxide
semiconductor. Note that M represents one or more metal
elements selected from Ga, Fe, Mn, and Co. Alternatively, as
the oxide semiconductor, a material expressed by a chemical
formula, In,SnO4(Zn0), (n>0, n is an integer) may be used.

Note that the concentration of alkali metals or alkaline
earth metals in the oxide semiconductor film 227 is preferably
lower than or equal to 1x10'® atoms/cm?, further preferably
lower than or equal to 2x10' atoms/cm’®. When an alkali
metal or an alkaline earth metal is bonded to an oxide semi-
conductor, carriers are generated in some cases, which causes
an increase in the off-state current of the transistor.

The oxide semiconductor film 227 may contain nitrogen at
a concentration of lower than or equal to 5x10'® atoms/cm®.

As an oxide semiconductor which can be used for the oxide
semiconductor film 227, a wide bandgap semiconductor
which has a wider bandgap and lower intrinsic carrier density
than a silicon semiconductor is used. The band gap of the
oxide semiconductor film is greater than or equal to 2.5 eV
and less than or equal to 4 eV, preferably greater than or equal
to 3 eV and less than or equal to 3.8 eV. In this manner, the
off-state current of a transistor can be reduced by using an
oxide semiconductor having a wide energy gap.
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The oxide semiconductor film 227 may have a single crys-
tal structure or a non-single-crystal structure. The non-single-
crystal state is, for example, structured by at least one of
amorphous, microcrystal, polycrystal, and c-axis aligned
crystal (CAAC). The density of defect states of microcrystal
is higher than that of CAAC. Note that an oxide semiconduc-
tor including CAAC is referred to as a CAAC-OS (c-axis
aligned crystalline oxide semiconductor).

In an oxide semiconductor in an amorphous state, a flat
surface can be obtained with relative ease, so that when a
transistor is manufactured with the use of the oxide semicon-
ductor, interface scattering can be reduced, and relatively
high mobility can be obtained with relative ease.

In an oxide semiconductor having crystallinity, defects in
the bulk can be further reduced and when a surface flatness is
improved, mobility higher than that of an oxide semiconduc-
tor layer in an amorphous state can be obtained. In order to
improve the surface flatness, the oxide semiconductor is pref-
erably formed over a flat surface. As described above, the
average surface roughness (R,) of the surface of the insulat-
ing film 225 is 1 nm or less, preferably 0.3 nm or less, further
preferably 0.1 nm or less, and the oxide semiconductor film
227 is preferably formed thereover.

Here, the oxide semiconductor film 227 is formed by a
sputtering method. As a target, a target corresponding to the
above oxide can be used.

In the case where an In—Ga—Zn—O-based material is
used as the oxide semiconductor, the target can be formed as
appropriate in accordance with a material of the oxide semi-
conductor film 227 and the composition thereof. For example,
an In—Ga—Zn-based oxide with an atomic ratio of In:Ga:
Zn=1:1:1, In:Ga:Zn=1:3:2, In:Ga:Zn=3:1:2, or In:Ga:Zn=2:
1:3, or an oxide with an atomic ratio close to the above atomic
ratios can be used as the target. However, the target is not
limited to these materials and compositions.

However, without limitation to the materials given above, a
material with an appropriate composition may be used
depending on needed semiconductor characteristics (e.g.,
mobility, threshold voltage, and variation). In order to obtain
the required semiconductor characteristics, it is preferable
that the carrier concentration, the impurity concentration, the
defect density, the atomic ratio between a metal element and
oxygen, the interatomic distance, the density, and the like be
set to appropriate values.

As a sputtering gas, a rare gas (typically argon) atmo-
sphere, an oxygen atmosphere, or a mixed gas of a rare gas
and oxygen is used as appropriate. In the case of using the
mixed gas of a rare gas and oxygen, the proportion of oxygen
is preferably higher than that of a rare gas. Further, in order to
prevent hydrogen, water, a hydroxyl group, hydride, and the
like from entering the oxide semiconductor film, as a sputter-
ing gas, it is preferable to use an atmosphere of a high-purity
gas from which impurities such as hydrogen, water, a
hydroxyl group, and hydride are sufficiently removed.

In a sputtering method, an RF power supply device, an AC
power supply device, a DC power supply device, or the like
can beused as a power supply device for generating plasma as
appropriate.

Note that the leakage rate of a treatment chamber in which
the oxide semiconductor film is formed is preferably lower
than or equal to 1x107'° Paxm®/sec., whereby entry of an
impurity into the film to be formed by a sputtering method can
be decreased. As described above, in the process for forming
the oxide semiconductor film and preferably in the process
for forming the oxide insulating film, entry of impurities is
suppressed as much as possible through control of the pres-
sure of the treatment chamber, leakage rate of the treatment
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chamber, and the like, whereby entry of impurities including
hydrogen into the oxide semiconductor film can be reduced.
In addition, diffusion of impurities such as hydrogen from the
oxide insulating film to the oxide semiconductor film can be
reduced.

As the oxide semiconductor film 227, a c-axis aligned
crystalline oxide semiconductor (CAAC-OS) film including
crystallized parts may be included, for example. In the
CAAC-0S, for example, c-axes are aligned, and a-axes and/
or b-axes are not macroscopically aligned.

The oxide semiconductor film 227 may include a microc-
rystal, for example. Note that an oxide semiconductor con-
taining a microcrystal is referred to as a microcrystal oxide
semiconductor. A microcrystalline oxide semiconductor film
includes microcrystal with a size greater than or equal to 1 nm
and less than 10 nm, for example. Alternatively, a microcrys-
talline oxide semiconductor film, for example, includes a
crystal-amorphous mixed phase structure where crystal parts
(each of which is greater than or equal to 1 nm and less than
10 nm) are distributed in an amorphous phase.

The oxide semiconductor film 227 may include an amor-
phous part, for example. Note that an oxide semiconductor
which includes an amorphous part is referred to as amorphous
oxide semiconductor. An amorphous oxide semiconductor
film, for example, includes an oxide semiconductor having
disordered atomic arrangement and no crystalline compo-
nent. Alternatively, an amorphous oxide semiconductor film
is, for example, absolutely amorphous and has no crystal part.

Note that the oxide semiconductor film 227 may be a mixed
film including any of a CAAC-OS, a microcrystalline oxide
semiconductor, and an amorphous oxide semiconductor. The
mixed film, for example, includes a region of an amorphous
oxide semiconductor, a region of a microcrystalline oxide
semiconductor, and a region of a CAAC-OS. Further, the
mixed film may have a stacked-layer structure including a
region of an amorphous oxide semiconductor, a region of a
microcrystalline oxide semiconductor, and a region of a
CAAC-0S, for example.

Note that the oxide semiconductor film 227 may include a
single crystal, for example.

The oxide semiconductor film 227 preferably includes a
plurality of crystal parts. In each of the crystal parts, a c-axis
is preferably aligned in a direction parallel to a normal vector
of a surface where the oxide semiconductor film is formed or
a normal vector of a surface of the oxide semiconductor film.
Note that, among crystal parts, the directions of the a-axis and
the b-axis of one crystal part may be different from those of
another crystal part. An example of such an oxide semicon-
ductor film is a CAAC-OS film.

The CAAC-OS film is neither absolutely single crystal
(i.e., it is a type of non-single-crystal) nor absolutely amor-
phous. The CAAC-OS film includes an oxide semiconductor
with a crystal-amorphous mixed phase structure where an
amorphous phase includes crystal parts, for example. Note
that in most cases, the crystal part fits inside a cube whose one
side is less than 100 nm. From an observation image obtained
with a transmission electron microscope (TEM), a boundary
between an amorphous part and a crystal part in the CAAC-
OS film is not clear. Further, with the TEM, a grain boundary
in the CAAC-OS film is not found. Thus, in the CAAC-OS
film, a reduction in electron mobility, due to the grain bound-
ary, is suppressed.

In each of the crystal parts included in the CAAC-OS film,
a c-axis is aligned in a direction parallel to a normal vector of
a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film. Further, in each of
the crystal parts, metal atoms are arranged in a triangular or
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hexagonal configuration when seen from the direction per-
pendicular to the a-b plane, and metal atoms are arranged in a
layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when seen from the direction
perpendicular to the c-axis. Note that, among crystal parts, the
directions of the a-axis and the b-axis of one crystal part may
be different from those of another crystal part. In this speci-
fication, a term “perpendicular” includes a range from 80° to
100°, preferably from 85° to 95°. In addition, a term “paral-
lel” includes a range from —10° to 10°, preferably from -5°to
5.

In the CAAC-OS film, distribution of crystal parts is not
necessarily uniform. For example, in the formation process of
the CAAC-OS film, in the case where crystal growth occurs
from a surface side of the oxide semiconductor film, the
proportion of crystal parts in the vicinity of the surface of the
oxide semiconductor film is higher than that in the vicinity of
the surface where the oxide semiconductor film is formed in
some cases. Further, when an impurity is added to the CAAC-
OS film, the crystal part in a region to which the impurity is
added becomes amorphous in some cases.

Since the c-axes of the crystal parts included in the CAAC-
OS film are aligned in the direction parallel to a normal vector
of a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, the directions of the
c-axes may be different from each other depending on the
shape of the CAAC-OS film (the cross-sectional shape of the
surface where the CAAC-OS film is formed or the cross-
sectional shape of the surface of the CAAC-OS film). Note
that the direction of c-axis of the crystal part is the direction
parallel to anormal vector of the surface where the CAAC-OS
film is formed or a normal vector of the surface of the CAAC-
OS film. The crystal part is formed by film formation or by
performing treatment for crystallization such as heat treat-
ment after film formation.

With the use of the CAAC-OS film in a transistor, change
in electric characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small. Thus, the tran-
sistor has high reliability.

Note that part of oxygen included in the oxide semicon-
ductor film may be substituted with nitrogen.

In an oxide semiconductor having a crystal portion such as
the CAAC-OS, defects in the bulk can be further reduced and
when the surface flatness of the oxide semiconductor is
improved, mobility higher than that of an oxide semiconduc-
tor in an amorphous state can be obtained. In order to improve
the surface flatness, the oxide semiconductor is preferably
formed over a flat surface. Specifically, the oxide semicon-
ductor may be formed over a surface with the average surface
roughness (Ra) of less than or equal to 1 nm, preferably less
than or equal to 0.3 nm, more preferably less than or equal to
0.1 nm.

The substrate is heated to a temperature higher than 200° C.
and lower than or equal to 700° C., preferably higher than
300° C. and lower than or equal to 500° C., more preferably
higher than or equal to 400° C. and lower than or equal to 450°
C. during the formation of the oxide semiconductor film 227
so that the oxide semiconductor film 227 includes the CAAC-
OS8. The oxide semiconductor film 227 is formed while the
substrate is heated in this manner, whereby the oxide semi-
conductor film 227 can include the CAAC-OS.

Alternatively, a first oxide semiconductor film having a
thickness of greater than or equal to a thickness of one atomic
layer and less than or equal to 10 nm, preferably greater than
or equal to 2 nm and less than or equal to 5 nm, which is thin,
is formed while the heating is performed at temperature in the
above range, and then a second oxide semiconductor film
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which is thick is formed while heating is performed in a
similar manner; thus, the first oxide semiconductor film and
the second oxide semiconductor film may be stacked to form
the oxide semiconductor film 227 including the CAAC-OS.

In the case where the oxide semiconductor film 227 is
formed to have an amorphous structure, the substrate is not
heated or the substrate is heated so that the substrate tempera-
ture is lower than 200° C., preferably lower than 180° C. inthe
formation of the oxide semiconductor film 227. The oxide
semiconductor film 227 is formed in this manner, whereby the
oxide semiconductor film 227 can have an amorphous struc-
ture.

Alternatively, the oxide semiconductor film 227 including
the CAAC-OS may be formed in the following manner: after
an oxide semiconductor film having an amorphous structure
is formed in the above manner, heat treatment at a temperature
of higher than or equal to 250° C. and lower than or equal to
700° C., preferably higher than or equal to 400° C., more
preferably higher than or equal to 500° C., still more prefer-
ably higher than or equal to 550° C. is performed, so that at
least part of the oxide semiconductor film having an amor-
phous structure is crystallized. Note that the heat treatment
can be performed in an inert gas atmosphere. The inert gas
atmosphere is preferably an atmosphere which contains nitro-
gen or a rare gas (e.g., helium, neon, or argon) as its main
component and does not contain water, hydrogen, or the like.
For example, the purity of nitrogen or a rare gas such as
helium, neon, or argon introduced into a heat treatment appa-
ratus is greater than or equal to 6N (99.9999%), preferably
greater than or equal to 7N (99.99999%) (that is, the concen-
tration of the impurities is less than or equal to 1 ppm, pref-
erably less than or equal to 0.1 ppm). Heat treatment for
dehydration or dehydrogenation, which is described later, can
serve as this heat treatment.

In the above method, as the substrate heating temperature
at the time of film formation is higher, the impurity concen-
tration of the obtained oxide semiconductor film 227 is lower.
Further, the atomic arrangement in the oxide semiconductor
film 227 is ordered and the density thereofis increased, so that
a polycrystal or a CAAC-OS is likely to be formed. Further-
more, since an oxygen gas atmosphere is employed for the
deposition, an unnecessary atom is not contained in the oxide
semiconductor film unlike in the case of employing a rare gas
atmosphere or the like, so that a polycrystal ora CAAC-OS is
readily formed. Note that a mixed gas atmosphere including
an oxygen gas and a rare gas may be used. In that case, the
percentage of an oxygen gas is higher than or equal to 30 vol.
%, preferably higher than or equal to 50 vol. %, more prefer-
ably higher than or equal to 80 vol. %.

After the oxide semiconductor film 227 is formed, the
oxide semiconductor film 227 may be subjected to heat treat-
ment. The heat treatment can further remove a substance
including a hydrogen atom in the oxide semiconductor film
227, thus, a structure of the oxide semiconductor film 227 can
be improved and defect levels in the energy gap can be
reduced. The heat treatment is performed in an inert gas
atmosphere at temperature higher than or equal to 300° C. and
lower than or equal to 700° C., preferably higher than or equal
to 450° C. and lower than or equal to 600° C., or less than a
strain point of the substrate in the case where the substrate has
the strain point. The inert gas atmosphere is preferably an
atmosphere which contains nitrogen or a rare gas (e.g.,
helium, neon, or argon) as its main component and does not
contain water, hydrogen, or the like. For example, the purity
of nitrogen or a rare gas such as helium, neon, or argon
introduced into a heat treatment apparatus is greater than or
equal to 6N (99.9999%), preferably greater than or equal to
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7N (99.99999%) (that is, the concentration of the impurities
is less than or equal to 1 ppm, preferably less than or equal to
0.1 ppm).

The heat treatment can be performed in such a way that, for
example, the semiconductor substrate 201 is introduced into
an electric furnace using a resistance heating element or the
like and heated at 450° C. under a nitrogen atmosphere for an
hour.

The heat treatment apparatus is not limited to the electric
furnace and may be an apparatus for heating an object to be
processed by thermal conduction or thermal radiation from a
medium such as a heated gas. For example, a rapid thermal
annealing (RTA) apparatus such as a lamp rapid thermal
annealing (LRTA) apparatus or a gas rapid thermal annealing
(GRTA) apparatus can be used. An LRTA apparatus is an
apparatus for heating an object to be processed by radiation of
light (an electromagnetic wave) emitted from a lamp such as
a halogen lamp, a metal halide lamp, a xenon arc lamp, a
carbon arc lamp, a high pressure sodium lamp, or a high
pressure mercury lamp. A GRTA apparatus is an apparatus for
performing heat treatment using a high-temperature gas. As
the gas, an inert gas which does not react with an object to be
processed by heat treatment, such as nitrogen or a rare gas
such as argon is used. Note that in the case where a GRTA
apparatus is used as the heat treatment apparatus, the sub-
strate may be heated in an inert gas heated to high temperature
0f650° C. to 700° C. because the heat treatment time is short.

In addition, after the oxide semiconductor film 227 is
heated by the heat treatment, a high-purity oxygen gas, a
high-purity N,O gas, or ultra dry air (the moisture concentra-
tion is less than or equal to 20 ppm (-55° C. by conversion
into a dew point), preferably less than or equal to 1 ppm, more
preferably less than or equal to 10 ppb, in the measurement
with the use of a dew point meter of a cavity ring down laser
spectroscopy (CRDS) system) may be introduced into the
same furnace. It is preferable that water, hydrogen, and the
like be not contained in these gases in particular. The purity of
the oxygen gas or the N, O gas that is introduced into the same
furnace is preferably greater than or equal to 6N, more pref-
erably greater than or equal to 7N (i.e., the concentration of
impurities in the oxygen gas or the N,O gas is preferably less
than or equal to 1 ppm, more preferably less than or equal to
0.1 ppm). By the action of the oxygen gas or the N,O gas,
oxygen which is one of a main component of the oxide semi-
conductor and which has been reduced through the step for
removing impurities by dehydration or dehydrogenation can
be supplied.

The above heat treatment has an effect of removing hydro-
gen, water, and the like and can be referred to as dehydration,
dehydrogenation, or the like. The heat treatment can be per-
formed at the timing, for example, before the oxide semicon-
ductor layer is processed to have an island shape, after the
gate insulating film is formed, or the like. The number of
times of such heat treatment for dehydration or dehydroge-
nation is not limited to one and may be two or more.

Next, part of the oxide semiconductor film 227 is selec-
tively etched to form an oxide semiconductor film 229. Then,
aninsulating film 231 is formed over the oxide semiconductor
film 229 by a sputtering method, a CVD method, or the like.
After that, a gate electrode 233 is formed over the insulating
film 231 (see FIG. 12A).

The insulating film 231 may be formed with a single layer
or a stack using one or more of silicon oxide, silicon oxyni-
tride, silicon nitride oxide, silicon nitride, aluminum oxide,
hafnium oxide, gallium oxide, a Ga—Zn—O-based metal
oxide, and the like. The insulating film 231 may also be an
oxide insulating film from which oxygen is eliminated by
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heating as described as a film that can be used as the insulating
film 225. By using a film from which oxygen is released by
heating as the insulating film 231, oxygen vacancies caused in
the oxide semiconductor film 229 can be reduced by heat
treatment performed later and deterioration of electric char-
acteristics of the transistor can be suppressed.

The insulating film 231 is formed using a high-k material
such as hafnium silicate (HfSi0,), hafnium silicate to which
nitrogen is added (HfSi,O,N,), hafnium aluminate to which
nitrogen is added (HfAL,O,N,), hafnium oxide, or yttrium
oxide, whereby a gate leakage current can be decreased even
when the thickness of the gate insulating film is small.

The thickness of the insulating film 231 is preferably
greater than or equal to 10 nm and less than or equal to 300
nm, more preferably greater than or equal to 5 nm and less
than or equal to 50 nm, still more preferably greater than or
equal to 10 nm and less than or equal to 30 nm.

The gate electrode 233 can be formed using a metal ele-
ment selected from aluminum, chromium, copper, tantalum,
titanium, molybdenum, and tungsten; an alloy containing any
of these metal elements as a component; an alloy containing
these metal elements in combination; or the like. Further, one
or more metal elements selected from manganese or zirco-
nium may be used. The gate electrode 233 may have a single-
layer structure or a stacked-layer structure of two or more
layers. For example, a single-layer structure of an aluminum
film containing silicon, a two-layer structure in which a tita-
nium film is stacked over an aluminum film, a two-layer
structure in which a titanium film is stacked over a titanium
nitride film, a two-layer structure in which a tungsten film is
stacked over a titanium nitride film, a two-layer structure in
which a tungsten film is stacked over a tantalum nitride film,
a three-layer structure in which a titanium film, an aluminum
film, and a titanium film are stacked in this order, and the like
can be given. Alternatively, a film, an alloy film, or a nitride
film which contains aluminum and one or more elements
selected from titanium, tantalum, tungsten, molybdenum,
chromium, neodymium, and scandium may be used.

Alternatively, the gate electrode 233 can be formed using a
light-transmitting conductive material such as indium tin
oxide, indium oxide containing tungsten oxide, indium zinc
oxide containing tungsten oxide, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide,
indium zinc oxide, or indium tin oxide to which silicon oxide
is added. It is also possible to have a stacked-layer structure
formed using the above light-transmitting conductive mate-
rial and the above metal element.

The gate electrode 233 is formed by a printing method or an
inkjet method. Alternatively, the gate electrode 233 is formed
in such a manner that a conductive film is formed by a sput-
tering method, a CVD method, an evaporation method, or the
like and then part of the conductive film is selectively etched.

Further, as a material layer in contact with the insulating
film 231, an In—Ga—Z7n—O0 film containing nitrogen, an
In—Sn—O film containing nitrogen, an In—Ga—O film
containing nitrogen, an In—7n—O film containing nitrogen,
a Sn—O film containing nitrogen, an In—O film containing
nitrogen, or a metal nitride film (InN, ZnN, or the like) is
preferably provided between the gate electrode 233 and the
insulating film 231. These films each have a work function of
5eV or higher, preferably 5.5 eV or higher; thus, the threshold
voltage of the electric characteristics of the transistor can be
positive. Accordingly, what is called a normally-off switching
element can be obtained. For example, in the case where an
In—Ga—7n—O film containing nitrogen is used, an
In—Ga—7n—0 film in which the nitrogen concentration is
higher than at least that of the oxide semiconductor film 229,
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specifically an In—Ga—Z7n—O film in which the nitrogen
concentration is higher than or equal to 7 atomic % is used.

Heat treatment is preferably performed after that. Through
this heat treatment, oxygen can be diffused from the insulat-
ing film 225 and the insulating film 231 to the oxide semi-
conductor film 229 to repair the oxygen vacancies included in
the oxide semiconductor film 229; thus, the oxygen vacancies
can be reduced.

Note that after the insulating film 231 is formed, heat
treatment (second heat treatment) may be performed in an
inert gas atmosphere or an oxygen atmosphere. The heat
treatment temperature is preferably higher than or equal to
200° C. and lower than or equal to 450° C., and more prefer-
ably higher than or equal to 250° C. and lower than or equal
to 350° C. With such heat treatment, variation in electric
characteristics of the transistor can be reduced. In the case
where oxygen is contained in the insulating film 231 or the
insulating film 225 which is in contact with the oxide semi-
conductor film 227, oxygen can be supplied to the oxide
semiconductor film 227 and the oxygen vacancies in the
oxide semiconductor film 229 can be repaired. As described
above, the heat treatment has an effect of supplying oxygen;
therefore, the heat treatment can also be referred to as supply
of oxygen.

Note that in this embodiment, the heat treatment for supply
of oxygen is performed after the insulating film 231 is
formed; however, the timing of the heat treatment for supply
of' oxygen is not limited thereto and the heat treatment may be
performed as appropriate as long as the formation of the
insulating film 231 is completed.

As described above, the heat treatment for dehydration or
dehydrogenation and the heat treatment for supply of oxygen
are performed to reduce impurities and fill oxygen vacancies
in the oxide semiconductor film 229, whereby the oxide semi-
conductor film 229 can be highly purified so as to contain
impurity elements that are not main components of the oxide
semiconductor film 229 as little as possible.

Next, a dopant is added to the oxide semiconductor film
229 with the use of the gate electrode 233 as a mask. As a
result, as illustrated in FIG. 12B, a first region 2354 which is
covered with the gate electrode 233 and to which the dopant
is not added and a pair of second regions 2356 and 235¢
containing the dopant are formed. Since the dopant is added
with the use of the gate electrode 233 as a mask, the first
region 235a to which the dopant is not added and the pair of
second regions 2355 and 235¢ containing the dopant can be
formed in a self-aligned manner. Note that the first region
235a overlapping with the gate electrode 233 serves as a
channel region. The pair of second regions 2356 and 235¢
containing the dopant serves as electric-field relaxation
regions. The first region 2354 and the pair of second regions
235b and 235¢ containing the dopant constitute an oxide
semiconductor film 235.

Further, the concentration of hydrogen in the first region
235aq of the oxide semiconductor film 229 is preferably lower
than 5x10'® atoms/cm?, more preferably lower than or equal
to 1x10'® atoms/cm?, still more preferably lower than or
equal to 5x10'7 atoms/cm?, further more preferably lower
than or equal to 1x10'® atoms/cm®. By a bond of an oxide
semiconductor and hydrogen, part of contained hydrogen
serves as a donor to generate electrons as carriers. For that
reason, by the reduction in the concentration of hydrogen in
the first region 235a of the oxide semiconductor film 229,
negative shift of the threshold voltage can be reduced.

The concentration of the dopant in the pair of second
regions 235b and 235c¢ is higher than or equal to 5x10*®
atoms/cm® and lower than or equal to 1x10** atoms/cm’,
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preferably higher than or equal to 5x10'® atoms/cm® and
lower than 5x10'° atoms/cm>.

Since the pair of second regions 2356 and 235¢ contains the
dopant, the carrier density or the number of defects can be
increased. Therefore, the conductivity can be higher than that
of'the first region 2354 which does not include a dopant. Note
that an excessive increase in the concentration of the dopant
causes inhibition of carrier movement by the dopant, which
leads to a reduction in conductivity of the pair of second
regions 2355 and 235¢ containing the dopant.

The pair of second regions 2355 and 235¢ containing the
dopant preferably has a conductivity ofhigher than or equal to
0.1 S/cm and lower than or equal to 1000 S/cm, preferably
higher than or equal to 10 S/cm and lower than or equal to
1000 S/cm.

The existence of the pair of second regions 2355 and 235¢
including dopant in the oxide semiconductor film 229 can
relieve an electric field applied to the end portion of the first
region 235a functioning as a channel region. Thus, a short-
channel effect of the transistor can be suppressed.

As a method for adding the dopant to the oxide semicon-
ductor film 229, an ion doping method or an ion implantation
method can be used. As the dopant, at least one of boron,
nitrogen, phosphorus, and arsenic can be added. Alterna-
tively, as the dopant, at least one of helium, neon, argon,
krypton, and xenon can be added. Alternatively, as the dopant,
hydrogen can be added. Still alternatively, as the dopant, at
least one of boron, nitrogen, phosphorus, and arsenic and at
least one of helium, neon, argon, krypton, and xenon in appro-
priate combination with hydrogen can be added.

Inthe embodiment describe here, the addition ofthe dopant
to the oxide semiconductor film 229 is conducted in a state
where the oxide semiconductor film 229 is covered with the
insulating film and the like; alternatively, the addition of the
dopant may be conducted in a state where the oxide semicon-
ductor film 229 is exposed.

Alternatively, the dopant can be added by a method other
than an ion doping method, an ion implantation method, or
the like. For example, a dopant can be added in the following
manner: plasma is generated in an atmosphere of a gas con-
taining an element to be added and plasma treatment is per-
formed on an object to which the dopant is added. A dry
etching apparatus, a CVD apparatus, a high-density CVD
apparatus, or the like can be used to generate the plasma.

After that, heat treatment may be performed. The heat
treatment is performed typically at a temperature higher than
or equal to 150° C. and lower than or equal to 450° C.,
preferably higher than or equal to 250° C. and lower than or
equalto 325° C. In the heat treatment, the temperature may be
gradually increased from 250° C. to 325° C.

Through the heat treatment, the resistance of the pair of
second regions 2355 and 235¢ containing the dopant can be
reduced. Inthe heat treatment, the pair of second regions 2355
and 235¢ containing the dopant may be in either a crystalline
state or an amorphous state.

Next, as illustrated in FIG. 12C, sidewall insulating films
237 on side surfaces of the gate electrode 233, a gate insulat-
ing film 239, an electrode 2414, and an electrode 2415 are
formed.

The sidewall insulating film 237 may each be formed with
a single layer or a stack using one or more of silicon oxide,
silicon oxynitride, silicon nitride oxide, silicon nitride, alu-
minum oxide, aluminum oxynitride, aluminum nitride oxide,
aluminum nitride, and the like. The sidewall insulating film
237 may be formed using an oxide insulating film from which
part of oxygen is released by heating in a manner similar to
that of the insulating film 225.
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Here, a method for forming the sidewall insulating film 237
is described.

First, an insulating film to be the sidewall insulating films
237 is formed over the insulating film 231 and the gate elec-
trode 233. The insulating film is formed by a sputtering
method, a CVD method, or the like. In addition, although the
thickness of the insulating film is not particularly limited, the
thickness is selected as appropriate in consideration of cov-
erage with respect to the shape of the gate electrode 233.

The insulating film is etched to form the sidewall insulating
film 237. The etching here is highly anisotropic etching, and
the sidewall insulating film 237 can be formed in a self-
aligned manner by performing the highly anisotropic etching
on the insulating film.

The width of the region for relieving an electric field in
each of the pair of second regions 2355 and 235¢ containing
the dopant depends on the width of the sidewall insulating
films 237, and the width of the sidewall insulating films 237
depends on the thickness of the gate electrode 233. Therefore,
the thickness of the gate electrode 233 may be determined so
that the width of the region for relieving an electric field has
a desired value.

When the sidewall insulating films 237 are formed, the
insulating film 231 is also etched by highly anisotropic etch-
ing and the oxide semiconductor film 229 is partly exposed,
whereby the gate insulating film 239 is formed.

The pair of electrodes 241a and 2415 can be formed using
a material similar to that of the wirings 223a and 2235, as
appropriate. Note that the pair of electrodes 241a and 2415
may function as wirings.

The pair of electrodes 241a and 2415 is formed by a print-
ing method or an inkjet method. Alternatively, the pair of
electrodes 241a and 2415 is formed in such a manner that a
conductive film is formed by a sputtering method, a CVD
method, an evaporation method, or the like and then part of
the conductive film is selectively etched.

The pair of electrodes 241a and 2415 is preferably formed
to be in contact with side surfaces of the sidewall insulating
films 237 and the gate insulating film 239. That is, end por-
tions of the pair of electrodes 241a and 2415 of the transistor
are located over the sidewall insulating films 237 and entirely
cover exposed portions of the pair of second regions 2355 and
235c¢ including dopant in the oxide semiconductor film 229.
As a result, regions in the pair of second regions 2356 and
235c¢ containing the dopant, which are in contact with the pair
of electrodes 241a and 2415, serve as a source region and a
drain region, whereas regions in the pair of second regions
235b and 235¢ containing the dopant, which overlap with
both the gate insulating film 239 and one of the sidewall
insulating films 237, serve as electric-field relaxation regions.
In addition, since the width of the electric-field relaxation
regions can be controlled with the length of the sidewall
insulating films 237, a required accuracy in alignment of a
mask for forming the pair of electrodes 241a and 2415 can be
relaxed. Accordingly, variation among plural transistors can
be reduced.

Note that the sidewall insulating films 237 are provided in
contact with the side surfaces of the gate electrode 233 in this
embodiment; however, this embodiment is not limited to this
structure, and the sidewall insulating films 237 are not nec-
essarily provided. Although the sidewall insulating films 237
are formed after the pair of second regions 2356 and 235c¢ is
formed in this embodiment, this embodiment is not limited to
this structure and the pair of second regions 2355 and 235¢
may be formed after the sidewall insulating films 237 are
formed. With such a structure, the first region 235a can be
extended to overlap with the sidewall insulating films 237.
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Next, as illustrated in FIG. 13 A, an insulating film 243 and
an insulating film 245 are formed by a sputtering method, a
CVD method, a coating method, a printing method, or the
like.

The insulating films 243 and 245 may each be formed with
a single layer or a stack including one or more of silicon
oxide, silicon oxynitride, silicon nitride oxide, silicon nitride,
aluminum oxide, aluminum oxynitride, aluminum nitride
oxide, aluminum nitride, and the like. Note that with the use
of'an insulating film which prevents diffusion of oxygen to the
outside as the insulating film 245, oxygen released from the
insulating film 243 can be supplied to an oxide semiconductor
film. Typical examples of the insulating film which prevents
diffusion of oxygen to the outside include films of aluminum
oxide, aluminum oxynitride, and the like. In addition, with the
use of an oxide insulating film which prevents diffusion of
hydrogen from the outside as the insulating film 245, diffu-
sion of hydrogen from the outside to the oxide semiconductor
film can be reduced, and vacancies in the oxide semiconduc-
tor film can be reduced. Typical examples of the insulating
film which prevents diffusion of hydrogen from the outside
include films of silicon nitride, silicon nitride oxide, alumi-
num nitride, aluminum nitride oxide, and the like. Further,
when the insulating film 243 has a three-layer structure of an
oxide insulating film from which part of oxygen is released by
heating, an insulating film which prevents diffusion of oxy-
gen to the outside, and an oxide insulating film, oxygen can be
efficiently diffused to the oxide semiconductor film and oxy-
gen can be prevented from being released to the outside;
accordingly, variation in transistor characteristics can be
reduced even at high temperature and in high humidity.

Through the above steps, as illustrated in FIG. 13A, the
transistor 101 including an oxide semiconductor film can be
manufactured.

As described above, the oxide semiconductor film 229 is
preferably highly purified by sufficient removal of impurities
such as hydrogen and sufficient supply with oxygen so as to
be supersaturated with oxygen. Specifically, the hydrogen
concentration in the oxide semiconductor film 229 is lower
than or equal to 5x10*° atoms/cm>, preferably lower than or
equal to 5x10"® atoms/cm?, further preferably lower than or
equal to 5x10'7 atoms/cm>. Note that the hydrogen concen-
tration in the oxide semiconductor film 229 is measured by
secondary ion mass spectrometry (SIMS). When the oxide
semiconductor film 229 which is highly purified by suffi-
ciently reducing the hydrogen concentration and in which
defect levels in an energy gap due to oxygen deficiency are
reduced by supplying a sufficient amount of oxygen as
described above is used for the transistor 101, for example,
the off-state current (per unit channel width (1 um) here) at
room temperature (25° C.) is 100 zA (1 zA (zeptoampere) is
1x1072" A) or less, preferably 10 zA or less. The transistor
101 with very excellent off-state current characteristics can
be obtained with the use of such an i-type (intrinsic) or sub-
stantially i-type oxide semiconductor film 229 in such a man-
ner.

Although the transistor 101 of this embodiment has a top-
gate structure, this embodiment is not limited to the top-gate
structure and a bottom-gate structure may be employed. Fur-
ther, in the transistor 101 in this embodiment, the pair of
electrodes 241a and 2415 is in contact with at least part of top
surfaces of the pair of second regions 2356 and 235¢; how-
ever, this embodiment is not limited to this structure, and for
example, the pair of second regions 2355 and 235¢ may be in
contact with at least part of the pair of electrodes 241a and
2415.
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Next, part of each of the insulating film 215, the insulating
film 217, the insulating film 221, the insulating film 225, the
insulating film 243, and the insulating film 245 is selectively
etched, so that openings are formed to expose part of each of
the gate electrode 209, the electrode 2414, and the electrode
2415b. After a conductive film is formed in the openings, part
of'the conductive film is selectively etched; thus, a wiring 249
in contact with the electrode 2415 and a wiring 250 in contact
with the electrode 2414 are formed. The wiring 249 and the
wiring 250 can be formed using the same material as that of
the contact plugs 219a and 21954 as appropriate.

Here, the wiring 249 serves as the node FG which electri-
cally connects the drain electrode of the transistor 101 and the
gate electrode 209 of the transistor 103. The wiring 250 serves
as the source electrode of the transistor 101 and is electrically
connected to the first write data line WDL1 in FIG. 1.
Although not directly shown in FIG. 13B, the gate electrode
233 of the transistor 101 is electrically connected to the first
write selection line WSL1 in FIG. 1. Note that in the case of
providing the capacitor 106 in FIG. 1, for example, an insu-
lating film over the wiring 250 and a conductive film over-
lapping with the wiring 250 with the insulating film therebe-
tween may be provided.

In FIG. 13B, the drain electrode of the transistor 101 and
the gate electrode 209 of the transistor 103 are connected
through the wiring 249; however, the memory device in this
embodiment is not limited to this structure. For example, an
upper surface of the gate electrode of the transistor 103 may
be exposed and one of the source electrode and the drain
electrode of the transistor 101 may be formed to be in direct
contact with the upper surface of the gate electrode.

Through the above steps, the memory device including the
transistors 101 and 103 can be manufactured.

Here, FIGS. 14A and 14B illustrate an example of a plan
view of the memory device which corresponds to the cross-
sectional view illustrated in FIG. 13B. FIG. 14A is a plan
view of a structure below the insulating film 225, i.e., the
transistor 103. FIG. 14B is a plan view of a structure over the
insulating film 225, i.e., the transistor 101. Note that some of
the components (e.g., the insulating film 215) are not illus-
trated in FIGS. 14A and 14B for easy understanding. Further,
each of the cross-sectional views of FIGS. 10A to 10D, FIGS.
11A and 11B, FIGS. 12A to 12C, and FIGS. 13A and 13B is
taken along dashed-dotted line A-B and dashed-dotted line
C-D in FIGS. 14A and 14B.

In the memory device illustrated in FIGS. 14A and 14B, as
illustrated in FI1G. 13B, the transistor 101 is electrically con-
nected to the transistor 103 in a region shown in the cross
section taken along dashed-dotted line C-D. Here, at least part
of'the transistor 101 overlaps with at least part of the transistor
103. It is preferable that at least part of the oxide semicon-
ductor film 235 overlap with at least part of the n-type impu-
rity region 211a or part of the n-type impurity region 2115.
With such a planar layout, an increase of the area occupied by
the memory device due to provision of the transistor includ-
ing a wide bandgap semiconductor such as an oxide semicon-
ductor can be suppressed. As a result, a high capacity of the
memory device can be easily achieved.

As described above, a data write transistor of a memory
device shared by a plurality of processors is manufactured
with a material capable of achieving a sufficiently low off-
state current of a transistor (e.g., an oxide semiconductor
material thatis a wide band gap semiconductor). Using a wide
band gap semiconductor material capable of achieving a suf-
ficiently low off-state current of a transistor makes it possible
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to hold a potential for a long time without regular or constant
supply of power, and therefore, low power consumption can
be achieved.

A memory device has a memory cell including at least one
data write transistor, at least one data storage transistor, and at
least two data read transistors, and is shared by a plurality of
processors. With this structure, the number of elements can be
smaller than at least that of a memory cell of a dual-port
SRAM, which results in achieving a small area of a memory
cell and easily achieving a high capacity of the memory
device.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

Embodiment 4

In this embodiment, as an example of the memory device
described in the above embodiments and a semiconductor
device including the memory device, a multi-core processor
in which a plurality of processor cores is provided in one
processor package will be described with reference to FIGS.
15A and 15B.

FIG. 15A is a block diagram of a multi-core processor in
which a main memory serves as a shared memory. A multi-
core processor 197 illustrated in FIG. 15A includes a first
system including a processor core 191, a first-level cache
memory 193 in the processor core 191, and a second-level
cache memory 195 connected to the processor core 191. In
addition, the multi-core processor 197 includes a second sys-
tem including a processor core 192, a first-level cache
memory 194 in the processor core 192, and a second-level
cache memory 196 connected to the processor core 192. A
main memory 190 is connected to the multi-core processor
197 and is shared by the processor core 191 in the first system
and the processor core 192 in the second system.

Here, the main memory 190 which is shared by the proces-
sor core 191 in the first system and the processor core 192 in
the second system corresponds to the memory device 14 in
FIG. 2 which is described in the above embodiment, the
processor core 191 in the first system corresponds to the first
processor 11, and the processor core 192 in the second system
corresponds to the second processor 12.

In the case where the memory device described in the
above embodiment is used as the main memory 190 in FIG.
15A, a data write transistor of a memory cell in the main
memory 190 can be formed using a material with which an
off-state current of a transistor can be sufficiently low (e.g., an
oxide semiconductor material which is a wide band gap semi-
conductor). With this structure, the memory cell in the main
memory 190 can hold a potential for a long period without
regular or constant supply of power; accordingly, low power
consumption can be achieved.

FIG. 15B is a block diagram of a multi-core processor in
which a second-level cache memory serves as a shared
memory. A multi-core processor 198 in FIG. 15B includes the
first system including the processor core 191 and the first-
level cache memory 193 in the processor core 191. In addi-
tion, the multi-core processor 198 includes the second system
including the processor core 192 and the first-level cache
memory 194 in the processor core 192. Further, the multi-
core processor 198 includes a second-level cache memory
199 shared by the processor core 191 in the first system and
the processor core 192 in the second system. The main
memory 190 is connected to the multi-core processor 198
through the second-level cache memory 199.
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Here, the second-level cache memory 199 which is shared
by the processor core 191 in the first system and the processor
core 192 in the second system corresponds to the memory
device 14 in FIG. 2 which is described in the above embodi-
ment, the processor core 191 in the first system corresponds to
the first processor 11, and the processor core 192 in the second
system corresponds to the second processor 12.

In the case where the memory device described in the
above embodiment is used as the second-level cache memory
199 in FIG. 15B, a data write transistor of amemory cell in the
second-level cache memory 199 can be formed using a mate-
rial with which an off-state current of a transistor can be
sufficiently low (e.g., an oxide semiconductor material which
is a wide band gap semiconductor). With this structure, the
memory cell in the second-level cache memory 199 can hold
a potential for a long period without regular or constant sup-
ply of power; accordingly, low power consumption can be
achieved.

In the case where the memory device described in the
above embodiment is used as the second-level cache memory
199 in FIG. 15B, the second-level cache memory 199
includes a memory cell including at least one data write
transistor, at least one data storage transistor, and at least two
data read transistors. With this structure, the number of ele-
ments can be small in comparison with the case of a dual-port
SRAM memory cell which is used for many shared second
cache memories; thus, the area of a memory cell in the sec-
ond-level cache memory 199 can be small and a high capacity
of'the second-level cache memory 199 can be easily achieved.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

Embodiment 5

A central processing unit (CPU) can be formed in such a
manner that a memory device in the above embodiments and
a semiconductor device including the memory device are
used for at least part of the CPU.

FIG. 16A is a block diagram illustrating a specific configu-
ration of a CPU. The CPU illustrated in FIG. 16 A includes an
arithmetic logic unit (ALU) 1191, an AL U controller 1192, an
instruction decoder 1193, an interrupt controller 1194, a tim-
ing controller 1195, a register 1196, a register controller
1197, abus interface (Bus UF) 1198, a rewritable ROM 1199,
and an ROM interface (ROM UF) 1189 over a substrate 1190.
A semiconductor substrate, an SOI substrate, a glass sub-
strate, or the like is used as the substrate 1190. The ROM 1199
and the ROM interface 1189 may be provided over a separate
chip. Obviously, the CPU illustrated in FIG. 16A is just an
example in which the configuration has been simplified, and
an actual CPU may have various configurations depending on
the application.

An instruction that is input to the CPU through the bus
interface 1198 is input to the instruction decoder 1193 and
decoded therein, and then, input to the AL U controller 1192,
the interrupt controller 1194, the register controller 1197, and
the timing controller 1195.

The ALU controller 1192, the interrupt controller 1194, the
register controller 1197, and the timing controller 1195 con-
duct various controls in accordance with the decoded instruc-
tion. Specifically, the ALU controller 1192 generates signals
for controlling the operation of the ALU 1191. While the CPU
is executing a program, the interrupt controller 1194 judges
an interrupt request from an external input/output device or a
peripheral circuit on the basis of its priority or a mask state,
and processes the request. The register controller 1197 gen-
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erates an address of the register 1196, and reads/writes data
from/to the register 1196 in accordance with the state of the
CPU.

The timing controller 1195 generates signals for control-
ling operation timings of the ALU 1191, the ALU controller
1192, the instruction decoder 1193, the interrupt controller
1194, and the register controller 1197. For example, the tim-
ing controller 1195 includes an internal clock generator for
generating an internal clock signal CLLK2 based on a refer-
ence clock signal CLK1, and supplies the internal clock sig-
nal CLK2 to the above circuits.

In the CPU illustrated in FIG. 16 A, a memory cell is pro-
vided in the register 1196. The memory cell described in the
above embodiments can be used as the memory cell provided
in the register 1196. In addition, the ALU 1191 can include a
plurality of core processors, and the register 1196 can be used
as a shared memory.

In the CPU illustrated in FIG. 16A, the register controller
1197 selects operation of holding data in the register 1196 in
accordance with an instruction from the AL U 1191. That is,
the register controller 1197 selects whether data is held by a
logic element which inverts a logic (logic level) or a capacitor
in the memory cell included in the register 1196. When data
holding by the logic element which inverts a logic (logic
level) is selected, power supply voltage is supplied to the
memory cell in the register 1196. When data holding by the
capacitor is selected, the data is rewritten in the capacitor, and
supply of power supply voltage to the memory cell in the
register 1196 can be stopped.

A switching element provided between a memory cell
group and a node to which a power supply potential VDD or
a power supply potential VSS is supplied, as illustrated in
FIG. 16B or FIG. 16C, allows the power supply voltage to be
stopped. Circuits illustrated in FIGS. 16B and 16C will be
described below.

FIGS. 16B and 16C each illustrate an example of a struc-
ture of a memory circuit where any of the transistors which
includes a wide band gap semiconductor material such as an
oxide semiconductor material and which is disclosed in the
above embodiments is used as a switching element for con-
trolling supply of a power supply potential to a memory cell.

The memory device illustrated in FIG. 16B includes a
switching element 1141 and a memory cell group 1143
including a plurality of memory cells 1142. Specifically, as
each of the memory cells 1142, the memory cell described in
the above embodiments can be used. Each of the memory
cells 1142 included in the memory cell group 1143 is supplied
with the high-level power supply potential VDD via the
switching element 1141. Further, each of the memory cells
1142 included in the memory cell group 1143 is supplied with
a potential of a signal IN and the low-level power supply
potential VSS.

In FIG. 16B, the transistor which includes a wide band gap
semiconductor material such as an oxide semiconductor
material and which is disclosed in the above embodiments is
used as the switching element 1141, and the switching of the
transistor is controlled by a signal SigA supplied to a gate
electrode thereof.

Note that FIG. 16B illustrates the structure in which the
switching element 1141 includes only one transistor; how-
ever, without particular limitation thereon, the switching ele-
ment 1141 may include a plurality of transistors. In the case
where the switching element 1141 includes a plurality of
transistors which serves as switching elements, the plurality
of transistors may be connected to each other in parallel, in
series, or in combination of parallel connection and series
connection.
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Although the switching element 1141 controls the supply
of the high-level power supply potential VDD to each of the
memory cells 1142 included in the memory cell group 1143 in
FIG. 16B, the switching element 1141 may control the supply
of the low-level power supply potential VSS.

InFIG. 16C, an example of a memory device in which each
of the memory cells 1142 included in the memory cell group
1143 is supplied with the low-level power supply potential
VSS via the switching element 1141 is illustrated. The supply
of the low-level power supply potential VSS to each of the
memory cells 1142 included in the memory cell group 1143
can be controlled by the switching element 1141.

When a switching element is provided between a memory
cell group and a node to which the power supply potential
VDD or the power supply potential VSS is supplied, data can
be held even in the case where an operation of a CPU is
temporarily stopped and the supply of the power supply volt-
age is stopped; accordingly, power consumption can be
reduced. Specifically, for example, while a user of a personal
computer does not input data to an input device such as a
keyboard, the operation of the CPU can be stopped, so that the
power consumption can be reduced.

The CPU in this embodiment includes a semiconductor
device in which a second semiconductor element layer which
includes a wide band gap semiconductor material such as an
oxide semiconductor material is provided over a first semi-
conductor element layer which includes a material other than
a wide band gap semiconductor material, such as silicon and
which is described in the above embodiments. With this struc-
ture, a transistor including single crystal silicon or the like
which easily achieves a high-speed operation and a transistor
including an oxide semiconductor which has an extremely
low off-state current can be used for the CPU as appropriate in
accordance with roles for the transistors in the CPU. As a
result, a CPU which achieves a high-speed operation and low
power consumption can be provided.

The second semiconductor element layer including an
oxide semiconductor is stacked over the first semiconductor
element layer including a material other than an oxide semi-
conductor, such as single crystal silicon; consequently, an
increase in area due to provision of a transistor including an
oxide semiconductor material. As a result, a high integration
of CPU can be achieved.

Further, a capacitor can be formed without an additional
step in a process for forming a wiring layer and a transistor
including an oxide semiconductor of the second semiconduc-
tor element layer. Therefore, a semiconductor element and a
capacitor which form a CPU can be efficiently formed.

Although the CPU is given as an example, the transistor
can also be applied to an L.SI such as a digital signal processor
(DSP), a custom LSI, or a field programmable gate array
(FPGA).

By the way, a magnetic tunnel junction element (an MTJ
element) is known as a nonvolatile random access memory.
The MTIJ element stores data by setting a low-resistance state
when the magnetization directions of ferromagnetic films
provided above and below an insulating film are parallel, or a
high-resistance state when the direction thereof are anti-par-
allel. Thus, its operation principle is quite different from that
of the memory including a wide band gap semiconductor
material such as an oxide semiconductor material described
in this embodiment. Table 1 shows comparison between the
MT]J element and the semiconductor device according to this
embodiment.
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TABLE 1

MT]J element

Semiconductor device
of this embodiment

1) Heat Curie temperature Process temperature at
resistance 500° C. (reliability at
150°C.)

2) Driving Current driving Voltage driving
method
3) Writing Changing magnetization Turning on/off FET
principle direction of ferromagnetic

film
4) SiLSI Suitable for bipolar LSI Suitable for MOS LSI

(For highly integrated circuit,
MOS LSI is preferable to
bipolar LSI, which is
unsuitable for high integration.
Note that W becomes larger.)
Large

(because of high Joule heat)

5) Overhead Smaller than overhead
of MTTJ element by 2 to
3 or more orders of
magnitude (because of
utilizing charging and
discharging of parasitic
capacitance)

Utilizing small off-state
current

No limitation

Easy (with a limitless
number of layers)
Depending on the
number of layers
stacked in 3D structure
(need heat resistance
high enough to
withstand process of
forming upper OS FET)

6) Nonvolatility ~ Utilizing spin

No limitation
Difficult (at most two layers)

7) Read cycles
8) 3D structure
9) Integration 4F2to 15 F?
degree (F?)

10) Material Magnetic rare-earth element ~ OS material

11) Cost per bit ~ High Low
(might be slightly high
depending on
constituent of OS
(e.g., In))

12) Resistanceto  Low High

magnetic field

The MTJ element has a disadvantage in that a magnetic
property is lost when the temperature is higher than or equal
to the Curie temperature because a magnetic material is used.
In addition, the MTJ element is compatible with a silicon
bipolar device because current driving is employed; however,
the bipolar device is unsuitable for high integration. Further,
there is a problem in that power consumption is increased by
an increase of memory capacity, though the writing current of
the MTJ element is extremely low.

In principle, the MTJ element has low resistance to a mag-
netic field, so that the magnetization direction is likely to
change when the MT1J element is exposed to a high magnetic
field. In addition, it is necessary to control magnetic fluctua-
tion which is caused by nanoscaling of a magnetic body used
for the MTJ element.

In addition, a rare earth element is used for the MTJ ele-
ment; thus, it requires special attention to incorporate a pro-
cess of forming the MTJ element in a process of forming a
silicon semiconductor that avoids metal contamination. The
material cost per bit of the MTJ element is expensive.

On the other hand, the transistor which includes a wide
band gap semiconductor material such as an oxide semicon-
ductor material and which is described in the above embodi-
ments has an element structure and an operation principle
similar to those of a silicon MOSFET except that a semicon-
ductor material for forming a channel is a metal oxide. Fur-
ther, the transistor including an oxide semiconductor is not
affected by a magnetic field, and does not cause soft errors.
This shows that the transistor is highly compatible with a
silicon integrated circuit.
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As shown in Table 1, the memory in which the transistor
which includes a wide band gap semiconductor material such
as an oxide semiconductor material and which is described in
the above embodiments and the transistor including silicon
are combined has advantages over the spintronics device in
many aspects such as the heat resistance, the 3D conversion
(stacked-layer structure of three or more layers), and the
resistance to a magnetic field. Note that the power for over-
head shown in Table 1 is, for example, power for writing data
into a memory section or the like in a processor, which is what
is called power consumed for overhead.

As described above, the use of the memory including an
oxide semiconductor, which has more advantages than the
spintronics device makes it possible to reduce power con-
sumption of a CPU.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

Embodiment 6

A memory device and a semiconductor device including
the memory device which are disclosed in this specification
can be applied to a variety of electronic appliances (including
game machines). Examples of the electronic appliances
include display devices of televisions, monitors, and the like,
lighting devices, desktop personal computers and laptop per-
sonal computers, word processors, image reproduction
devices which reproduce still images or moving images
stored in recording media such as digital versatile discs
(DVDs), portable compact disc (CD) players, radio receivers,
tape recorders, headphone stereos, stereos, cordless phone
handsets, transceivers, portable wireless devices, mobile
phones, car phones, portable game machines, calculators,
portable information terminals, electronic notebooks, e-book
readers, electronic translators, audio input devices, cameras
such as still cameras and video cameras, electric shavers,
high-frequency heating appliances such as microwave ovens,
electric rice cookers, electric washing machines, electric
vacuum cleaners, air-conditioning systems such as air condi-
tioners, dishwashers, dish dryers, clothes dryers, futon dry-
ers, electric refrigerators, electric freezers, electric refrigera-
tor-freezers, freezers for preserving DNA, smoke detectors,
radiation counters, and medical equipment such as dialyzers.
Further, the examples include industrial equipment such as
guide lights, traffic lights, belt conveyors, elevators, escala-
tors, industrial robots, and power storage systems. In addi-
tion, oil engines, moving objects driven by electric motors
using power from the non-aqueous secondary batteries, and
the like are also included in the category of electric devices.
Examples of the moving objects include electric vehicles
(EV), hybrid electric vehicles (HEV) which include both an
internal-combustion engine and a motor, plug-in hybrid elec-
tric vehicles (PHEV), tracked vehicles in which caterpillar
tracks are substituted for wheels of these vehicles, motorized
bicycles including motor-assisted bicycles, motorcycles,
electric wheelchairs, golf carts, boats or ships, submarines,
helicopters, aircrafts, rockets, artificial satellites, space
probes, planetary probes, spacecrafts, and the like. Specific
examples for such electronic appliances are illustrated in
FIGS. 17A and 17B.

In FIG. 17A, an air conditioner including an indoor unit
3300 and an outdoor unit 3304 is an example of an electronic
appliance using the memory device and the semiconductor
device including the memory device which are disclosed in
the above embodiments for a CPU. Specifically, the indoor
unit 3300 includes a housing 3301, a ventilation duct 3302, a

5

10

15

20

25

30

40

45

50

55

60

50

CPU 3303, and the like. Although the CPU 3303 is provided
in the indoor unit 3300 in FIG. 17A, the CPU 3303 may be
provided in the outdoor unit 3304. Alternatively, the CPU
3303 may be provided in both the indoor unit 3300 and the
outdoor unit 3304. The CPU achieves low power consump-
tion as described in the above embodiments, and accordingly,
power consumption of the air conditioner can be low.

In FIG. 17A, an electric refrigerator-freezer 3310 is an
example of an electronic appliance which is provided with the
CPU formed using an oxide semiconductor. Specifically, the
electric refrigerator-freezer 3310 includes a housing 3311, a
door for a refrigerator 3312, a door for a freezer 3313, a door
for a vegetable drawer 3314, a CPU 3315, and the like. The
CPU 3315is provided in the housing 3311 in FIG. 17A. When
a CPU including the memory device and the semiconductor
device including the memory device which are disclosed in
the above embodiments is used for the electric refrigerator-
freezer 3310, power consumption of the electric refrigerator-
freezer 3310 can be low.

In FIG. 17A, a video display device 3320 is an example of
an electronic appliance which is provided with the CPU
formed using an oxide semiconductor. Specifically, the video
display device 3320 includes a housing 3321, a display por-
tion 3322, a CPU 3323, and the like. The CPU 3323 is pro-
vided in the housing 3321 in FIG. 17A. When a CPU includ-
ing the memory device and the semiconductor device
including the memory device which are disclosed in the
above embodiments is used as the CPU 3323 in the video
display device 3320, power consumption of the video display
device 3320 can be low.

FIG. 17B illustrates an example of an electric vehicle. An
electric vehicle 3330 is equipped with a secondary battery
3331. The power of the secondary battery 3331 is controlled
by a control circuit 3332 to be output and is supplied to a
driving device 3333. The control circuit 3332 is controlled by
a processing unit 3334 including a ROM, a RAM, a CPU, or
the like which is not illustrated. When a CPU including the
memory device and the semiconductor device including the
memory device which are disclosed in the above embodi-
ments is used as the CPU in the electric vehicle 3330, power
consumption of the electric vehicle 3330 can be low.

The driving device 3333 includes a DC motor or an AC
motor either alone or in combination with an internal-com-
bustion engine. The processing unit 3334 outputs a control
signal to the control circuit 3332 based on input data such as
data of operation (e.g., acceleration, deceleration, or stop) by
a driver or data during driving (e.g., data on an upgrade or a
downgrade, or data on a load on a driving wheel) of the
electric vehicle 3330. The control circuit 3332 adjusts the
electric energy supplied from the secondary battery 3331 in
accordance with the control signal of the processing unit 3334
to control the output of the driving device 3333. In the case
where the AC motor is mounted, although not illustrated, an
inverter which converts direct current into alternate current is
also incorporated.

This embodiment can be combined with any of the other
embodiments as appropriate.

(Off-State Current of Transistor)

The results of measuring the off-state current of a transistor
including a highly purified oxide semiconductor are
described below.

First, a transistor with a channel width W of 1 m, which is
sufficiently wide, was prepared in consideration of the very
small off current of a transistor including a highly purified
oxide semiconductor, and the off current is measured. F1G. 18
shows the results obtained by measurement of the off-state
current of the transistor with a channel width W of 1 m. In
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FIG. 18, the horizontal axis shows gate voltage V; and the
vertical axis shows drain current I,,. In the case where the
drain voltage VD is +1 V or +10 V and the gate voltage VG is
in a range of -5 V to -20 V, the off-state current of the
transistor was found to be lower than or equal to 1x107'% A
which is the detection limit. Moreover, it was found that the
off current of the transistor (per unit channel width (1 um)) is
smaller than or equal to 1 aA (I1x107'% A).

Next, the results obtained by more accurately measuring
the off-state current of the transistor including a highly puri-
fied oxide semiconductor will be described. As described
above, the off-state current of the transistor including a highly
purified oxide semiconductor was found to be lower than or
equal to 1x107'2 A which is the detection limit of the mea-
surement equipment. Here, the results obtained measuring
more accurate off current (the value smaller than or equal to
the detection limit of measurement equipment in the above
measurement), with the use of an element for characteristic
evaluation, will be described.

First, the element for characteristic evaluation which was
used in a method for measuring current will be described with
reference to FIG. 19.

In the element for characteristic evaluation in FIG. 19,
three measurement systems 800 are connected in parallel.
The measurement system 800 includes a capacitor 802, a
transistor 804, a transistor 805, a transistor 806, and a tran-
sistor 808. As the transistor 804, the transistor 805, the tran-
sistor 806, and the transistor 808, transistors including a
highly purified oxide semiconductor were employed.

In the measurement system 800, one of a source terminal
and a drain terminal of the transistor 804, one of terminals of
the capacitor 802, and one of a source terminal and a drain
terminal of the transistor 805 are electrically connected to a
power source (for supplying V2). The other of the source
terminal and the drain terminal of the transistor 804, one of a
source terminal and a drain terminal of the transistor 808, the
other of the terminals of the capacitor 802, and a gate terminal
of'the transistor 805 are electrically connected to one another.
The other of the source terminal and the drain terminal of the
transistor 808, one of a source terminal and a drain terminal of
the transistor 806, and a gate terminal of the transistor 806 are
electrically connected to a power source (for supplying V1).
The other of the source terminal and the drain terminal of the
transistor 805 and the other of the source terminal and the
drain terminal of the transistor 806 are electrically connected
to each other and electrically connected to an output terminal.

A potential Vext_b2 for controlling an on state and an off
state of the transistor 804 is supplied to the gate terminal of
the transistor 804. A potential Vext_b1 for controlling an on
state and an off state of the transistor 808 is supplied to the
gate terminal of the transistor 808. A potential Vout is output
from the output terminal.

Next, a method for measuring current with the use of the
element for characteristic evaluation will be described.

First, an initialization period in which a potential difter-
ence is applied to measure the off current will be described
briefly. In the initialization period, the potential Vext_b1 for
turning on the transistor 808 is input to the gate terminal of the
transistor 808. Accordingly, a potential V1 is supplied to a
node A that is electrically connected to the other of the source
terminal and the drain terminal of the transistor 804 (that is,
the node electrically connected to one of the source terminal
and the drain terminal of the transistor 808, the other of the
terminals of the capacitor 802, and the gate terminal of the
transistor 805). Here, the potential V1 is, for example, a high
potential. The transistor 804 is off.
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After that, the potential Vext_b1 for turning off the transis-
tor 808 is input to the gate terminal of the transistor 808 so that
the transistor 808 is turned off. After the transistor 808 is
turned off, the potential V1 is set to low. Still, the transistor
804 is off. The potential V2 is the same potential as V1. Thus,
the initialization period is completed. In a state where the
initialization period is completed, a potential difference is
generated between the node A and one of the source terminal
and the drain terminal of the transistor 804, and also, a poten-
tial difference is generated between the node A and the other
of'the source terminal and the drain terminal of the transistor
808. Therefore, charge flows slightly through the transistor
804 and the transistor 808. That is, the off-state current flows.

Next, a measurement period of the off-state current is
briefly described. In the measurement period, the potential
(that is, V2) of one of the source terminal and the drain
terminal of the transistor 804 and the potential (that is, V1) of
the other of the source terminal and the drain terminal of the
transistor 808 are set to low and fixed. On the other hand, the
potential of the node A is not fixed (the node A is in a floating
state) in the measurement period. Accordingly, electric
charge flows through the transistor 804, and the amount of
electric charge stored in the node A is changed as time passes.
The potential of the node A is changed depending on the
change in the amount of electric charge stored in the node A.
That is to say, the output potential Vout of the output terminal
also varies.

FIG. 20 shows details (a timing chart) of the relationship
among potentials in the initialization period in which the
potential difference is generated and those in the subsequent
measurement period.

Inthe initialization period, first, the potential Vext_b2 is set
to a potential (high potential) at which the transistor 804 is
turned on. Thus, the potential of the node A comes to be V2,
that is, a low potential (VSS). Note that a low potential (VSS)
is not necessarily supplied to the node A. After that, the
potential Vext_b2 is set to a potential (low potential) at which
the transistor 804 is turned off, whereby the transistor 804 is
turned off. Next, the potential Vext_b1 is set to a potential (a
high potential) with which the transistor 808 is turned on.
Thus, the potential of the node A comes to be V1, that is, a
high potential (VDD). After that, the potential Vext_b1 is set
to a potential at which the transistor 808 is turned off. Accord-
ingly, the node A is brought into a floating state and the
initialization period is completed.

In the following measurement period, the potential V1 and
the potential V2 are individually set to potentials at which
electric charge flows to or from the node A. Here, the potential
V1 and the potential V2 are low potentials (VSS). Note that at
the timing of measuring the output potential Vout, it is nec-
essary to operate an output circuit; thus, V1 is set to a high
potential (VDD) temporarily in some cases. The period in
which V1 is a high potential (VDD) is set to be short so that
the measurement is not influenced.

When the potential difference is generated and the mea-
surement period is started as described above, the amount of
electric charge stored in the node A is changed as time passes,
which changes the potential of the node A. This means that the
potential of a gate terminal of the transistor 805 varies and
thus, the output potential Vout of the output terminal also
varies with the lapse of time.

A method for calculating the off-state current on the basis
of the obtained output potential Vout is described below.

The relation between the potential V, of the node A and the
output potential Vout is obtained in advance before the off
current is calculated. With this, the potential V , of the node A
can be obtained using the output potential Vout. In accordance
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with the above relationship, the potential V , of the node A can
be expressed as a function of the output potential Vout by the
following equation.

v =F(Vout) [FORMULA 2]

Electric charge QQ, of the node A can be expressed by the
following equation with the use of the potential V , of the node
A, capacitance C, connected to the node A, and a constant
(const). Here, the capacitance C, connected to the node A is
the sum of the capacitance of the capacitor 802 and other
capacitance.

0.4=C,V, s+const [FORMULA 3]

Since a current I, of the node A is obtained by differenti-
ating charge flowing to the node A (or charge flowing from the
node A) with respect to time, the current 1, of the node A is
expressed by the following equation.

220 _

; Ca-AF(Vour)
AT TAr

Ar

[FORMULA 4]

In this manner, the current I ; of the node A can be obtained
from the capacitance C, connected to the node A and the
output potential Vout of the output terminal.

In accordance with the above method, it is possible to
measure leakage current (off-state current) which flows
between a source and a drain of a transistor in an off state.

In this measurement, the transistor 804, the transistor 805,
the transistor 806, and the transistor 808 were manufactured
using a highly purified oxide semiconductor with a channel
length L. of 10 um and a channel width W of 50 um. In the
measurement systems 800 which are arranged in parallel, the
capacitance of the capacitors 802 were 100 {F, 1 pF, and 3 pF.

Note that in the measurement, VDD was 5V and VSS was
0V. In the measurement period, Vout was measured while the
potential V1 was basically set to VSS and changed to VDD for
100 msec at intervals of 10 sec to 300 sec. At which was used
in calculation of current I which flows through the element
was about 30000 sec.

FIG. 21 shows the relation between the output potential
Vout and elapsed time Time in the current measurement. As is
seen in FIG. 21, the potential changes over time.

FIG. 22 shows the off-state current at room temperature
(25° C.) calculated in the above current measurement. Note
that FIG. 22 shows the relation between source-drain voltage
V and off-state current 1. According to FIG. 22, the oft-state
current was approximately 40 zA/um under the condition that
the source-drain voltage was 4 V. In addition, the off-state
current was less than or equal to 10 zA/um under the condi-
tion where the source-drain voltage was 3.1 V. Note that 1 zZA
represents 1072 A. Note that the off-state current I is a mean
value when the elapsed time Time is 30000 sec.

Further, FIG. 23 shows the off-state current at the time
when the temperature is 85° C. calculated in the above current
measurement. FIG. 23 shows the relation between the source-
drain voltage V and the off-state current I at the time when the
temperature is 85° C. According to FIG. 23, the off-state
current was less than or equal to 100 zA/um when the source-
drain voltage was 3.1 V. Note that the off-state current [ is a
mean value when the elapsed time Time is from 6000 to
30000 sec.

In this manner, it was confirmed that the off-state current is
sufficiently small in a transistor including a highly purified
oxide semiconductor.
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This application is based on Japanese Patent Application
serial no. 2012-046571 filed with Japan Patent Office on Mar.
2,2012, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A memory device comprising:

a first transistor including a first channel formation region;

a second transistor including a second channel formation
region;

a third transistor including a third channel formation
region;

a fourth transistor including a fourth channel formation
region;

a first line;

a second line;

a third line;

a fourth line;

a fifth line;

a sixth line; and

a seventh line,

wherein one of a source and a drain of the first transistor is
electrically connected to the first line,

wherein one of a source and a drain of the second transistor
is electrically connected to the second line,

wherein one of a source and a drain of the third transistor is
electrically connected to the third line,

wherein one of a source and a drain of the fourth transistor
is electrically connected to the fourth line,

wherein a gate of the first transistor is electrically con-
nected to the fifth line,

wherein a gate of the third transistor is electrically con-
nected to the sixth line,

wherein a gate of the fourth transistor is electrically con-
nected to the seventh line,

wherein the other of the source and the drain of the first
transistor is electrically connected to a gate of the second
transistor so that a node is formed,

wherein the other of the source and the drain of the second
transistor is electrically connected to the other of the
source and the drain of the third transistor,

wherein the other of the source and the drain of the second
transistor is electrically connected to the other of the
source and the drain of the fourth transistor,

wherein the first channel formation region includes a semi-
conductor material that is different from a semiconduc-
tor material in the second channel formation region, the
third channel formation region and the fourth channel
formation region, and

wherein the first channel formation region includes an
oxide semiconductor.

2. The memory device according to claim 1, further com-

prising:

a capacitor; and

an eighth line;

wherein one electrode of the capacitor is electrically con-
nected to the node, and

wherein the other electrode of the capacitor is electrically
connected to the eighth line.

3. The memory device according to claim 1,

wherein the memory device is configured to store electric
charge in the node when the first transistor is in an off
state.

4. The memory device according to claim 1,

wherein the second channel formation region, the third
channel formation region and the fourth channel forma-
tion region contain single crystal silicon.
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5. The memory device according to claim 2,

wherein the first line is a write data line,

wherein the second line is a first power supply line,
wherein the third line is a first read data line,

wherein the fourth line is a second read data line,
wherein the fifth line is a write selection line,

wherein the sixth line is a first read selection line,
wherein the seventh line is a second read selection line, and
wherein the eighth line is a second power supply line.

6. A semiconductor device comprising the memory device
according to claim 1, the semiconductor device further com-

prising:

a first processor;

a second processor; and

a selector,

wherein the first processor is configured to write data to the
memory device using the fifth line and the first line
through the selector at a first timing,

wherein the second processor is configured to write data to
the memory device using the fifth line and the first line
through the selector at a second timing that is different
from the first timing,

wherein the first processor is configured to read data of the
memory device using the sixth line and the third line, and

wherein the second processor is configured to read data of
the memory device using the seventh line and the fourth
line.

7. The memory device according to claim 1,

wherein the first channel formation region contains
indium, gallium and zinc.

8. An electric device comprising the memory device

according to claim 1.

9. A memory device comprising:

a first transistor including a first channel formation region;

a second transistor including a second channel formation
region;

a third transistor including a third channel formation
region;

a fourth transistor including a fourth channel formation
region;

a fifth transistor including a fifth channel formation region;

a first line;

a second line;

a third line;

a fourth line;

a fifth line;

a sixth line;

a seventh line;

an eighth line; and

a ninth line,

wherein one of a source and a drain of the first transistor is
electrically connected to the first line,

wherein one of a source and a drain of the second transistor
is electrically connected to the second line,

wherein one of a source and a drain of the third transistor is
electrically connected to the third line,

wherein one of a source and a drain of the fourth transistor
is electrically connected to the fourth line,

wherein one of a source and a drain of the fifth transistor is
electrically connected to the eighth line,

wherein a gate of the first transistor is electrically con-
nected to the fifth line,

wherein a gate of the third transistor is electrically con-
nected to the sixth line,

wherein a gate of the fourth transistor is electrically con-
nected to the seventh line,
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wherein a gate of the fifth transistor is electrically con-
nected to the ninth line,

wherein the other of the source and the drain of the first
transistor and the other of the source and the drain of the
fifth transistor are electrically connected to a gate of the
second transistor so that a node is formed,

wherein the other of the source and the drain of the second
transistor is electrically connected to the other of the
source and the drain of the third transistor,

wherein the other of the source and the drain of the second
transistor is electrically connected to the other of the
source and the drain of the fourth transistor,

wherein the first channel formation region includes a semi-
conductor material different from a semiconductor
material in the second channel formation region, the
third channel formation region and the fourth channel
formation region,

wherein the first channel formation region includes an
oxide semiconductor, and

wherein the fifth channel formation region includes an
oxide semiconductor.

10. The memory device according to claim 9, further com-

prising:

a capacitor; and

a tenth line;

wherein one electrode of the capacitor is electrically con-
nected to the node, and

wherein the other electrode of the capacitor is electrically
connected to the tenth line.

11. The memory device according to claim 9,

wherein the memory device is configured to store electric
charge in the node when the first transistor and the fifth
transistor are in an off state.

12. The memory device according to claim 9,

wherein the second channel formation region, the third
channel formation region and the fourth channel forma-
tion region contain single crystal silicon.

13. The memory device according to claim 10,

wherein the first line is a first write data line,

wherein the second line is a first power supply line,

wherein the third line is a first read data line,

wherein the fourth line is a second read data line,

wherein the fifth line is a first write selection line,

wherein the sixth line is a first read selection line,

wherein the seventh line is a second read selection line,

wherein the eighth line is a second write data line,

wherein the ninth line is a second write selection line, and

wherein the tenth line is a second power supply line.

14. A semiconductor device comprising the memory

device according to claim 9, the semiconductor device further
comprising:

a first processor; and

a second processor;

wherein the first processor is configured to write data to the
memory device using the fifth line and the first line,

wherein the second processor is configured to write data to
the memory device using the eighth line and the ninth
line,

wherein the first processor is configured to read data of the
memory device using the sixth line and the third line, and

wherein the second processor is configured to read data of
the memory device using the seventh line and the fourth
line.

15. The memory device according to claim 9,

wherein the first channel formation region contains
indium, gallium and zinc, and
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wherein the fifth channel formation region contains
indium, gallium and zinc.
16. An electric device comprising the memory device
according to claim 9.
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